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 I 
Abstract 
This thesis consists of seven main chapters. The introduction describes the specific aims, 
significance and the innovation of this PhD research project. Chapter 2 reviews the research 
status of factors affecting UV protection of textiles and gives the overview of the optical 
modelling works. Chapter 3 introduces the experiments for fibre part work and sets up the 
optical models for the study on the UV interaction with fibres. Based on the fibre part works, 
Chapter 4 continues the modelling work on yarns considering yarn parameters, and provides 
the optimised parameter range for the study on UV protection of fabrics. In Chapter 5, the 
effects of fibre/yarn/fabric parameters on UVR protection of fabrics are investigated, including 
mean fibre diameter, yarn linear density, yarn twist, fabric thickness, fabric cover factor, and 
fabric structure. In conjunction with the works on the fibres and yarns in Chapters 3 and 4, the 
fabric model is built in Chapter 5 to understand the way that UV light passes through a fabric. 
The fabric model is confirmed by the experimental results. Then, combining with the results 
from statistical predictive model, the optimised parameter group is obtained and verified using 
the measurements on the extra fabric samples. The adjusted optimised results are obtained for 
the UVR protective fabric design. To confirm the UV protection of the optimised fabric 
(designed with optimised parameters), Chapter 6 involves ZnO treatments on the fabric surface. 
The results reported here reveal that the fabric with optimised parameters obtained from fibre, 
yarn and fabric work in Chapters 3, 4 and 5 can have a better UVR protection than ZnO coated 
fabrics with other parameters.Therefore, through maximizing the UV protection of fabrics by 
designing the fabrics with the optimised parameters (obtain the optimised undyed and untreated 
fabric), the damage caused by chemical treatments could be minimized. This high UV 
protective fabric can be used as a base fabric for further chemical treatment and/or dying to 
provide a fabric with further improved UV protection. The final optimised fabrics are obtained 
to guide the design for the spring/summer knitted fabrics with low weight, maximum UVR 
protection and good comfort. Chapter 7 summaries the conclusions obtained from this research. 
Suggestions for future work in this area are also given in the final chapter. 
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1 Introduction 
 Significance and specific aims 
Climate change and ozone depletion have led to an increase of ultraviolet solar radiation (UVR) 
levels, and pose a direct and indirect threat to human health. Excessive UVR exposure is 
harmful and causes serious health problems, such as skin cancer, DNA and immune system 
damage, and eye diseases. Improving UVR protection of textiles is important, since clothing 
has been increasingly recognised as a major method against UVR-induced risks.  
Many important works have been undertaken in the area of UVR protection of fabrics, such as 
the factors affecting UVR protection of fabrics, and the chemical methods enhancing UVR 
protection of fabrics. However, the way in which visible and ultraviolet (UV) light pass through 
fibres, yarns and fabrics is not yet well understood. To answer this research question, this study 
will set up theoretical models to determine the factors influencing UVR protection of textiles, 
in order to understand the interaction between UV light and fibres, yarns and fabrics. 
The aim of this project is to optimise the parameters for the spring/summer knitted fabrics 
design, to allow them to be light weight, high in UVR protection and with good comfort.  
 Innovation of this project 
1) In this study, the effects on UVR protection of fibre and yarn parameters are discussed, 
including mean fibre diameter, fibre diameter distribution, fibre cross-sectional shape, fibre 
orientation, yarn linear density, yarn twist and yarn orientation. 
2) The UV light/textiles interaction will be analysed systematically in this study. In order to 
understand the UV light penetrating process, optical models from fibres to yarns and finally to 
fabrics will be set up as the theoretical support to this study.  
3) This project examines whether the fabrics can be made resistant to UVR by the organisation 
of structure alone. If so, the chemical treatments for enhancing UVR protection of fabrics could 
be reduced to achieve healthier and more environmentally-friendly products. 
4) This project gives more attention to knitted fabrics than woven fabrics, because knitted 
fabrics have greater stretch, breathability, lighter weight, better comfort and are more suitable 
for physical activities than many woven fabrics.   
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 Thesis outline 
This thesis is divided into seven main chapters, which are outlined below: 
Chapter 1 gives a brief introduction to this thesis. The research question, the specific aim and 
innovations of this research are introduced. 
Chapter 2 provides the background knowledge of ultraviolet radiation, the effects on the human 
body, and preventative behaviours for UVR protection. This chapter also gives the recent 
research status of factors affecting UVR protection of textiles, and an overview of optical 
modelling works. The summary of previous works and the contributions of this project are 
demonstrated. 
In Chapter 3, the UV properties of fibre samples with different variables are examined for 
discussing the effects of fibre parameters on UV absorption of fibres. The optical models for 
fibres are presented to explain the mechanism of UV light penetration through the fibres. The 
optimised parameters are obtained for the UVR protective fabrics design and further 
experiments are conducted to confirm the optimised results.  
Chapter 4 provides the UV protection behaviour of the yarns by both experimental and 
theoretical methods. Both the predictive model by statistical analysis and the optical model 
based on the theoretical knowledge are involved in this study. The optimised parameters for 
the yarns are obtained from the statistical predictive model, combined with the calculation from 
the yarn optical model. These optimised parameters can serve as a guide for UVR protective 
fabric design. 
Chapter 5 investigates the effects of fibre/yarn/fabric parameters on UVR protection of fabrics, 
including mean fibre diameter, yarn linear density, yarn twist, fabric thickness, fabric cover 
factor, and fabric structure. The fabric model based on the fibre and yarn optical model is built 
to understand the way that UV light passes through a fabric. Combining with the results from 
statistical predictive model, the optimised parameter group is obtained and verified using the 
measurements on the extra fabric samples. The adjusted optimised results are obtained for the 
UVR protective fabric design. 
In Chapter 6, the UV absorber (ZnO) treatment is conducted. The fabric samples were coated 
with ZnO particles. During this study, the particle size and the concentration of the ZnO weight 
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to the weight of the fabric (o.w.f) are also considered in the analysis. The UVR protection from 
the optimised parameters and the chemical treatment has been evaluated.  
Chapter 7 summarises the main results achieved in this research, and provides a number of 
suggestions for future work in this area. 
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2 Literature review 
Excessive ultraviolet (UV) radiation exposure is detrimental to human health [1] and it is 
essential that humans are protected against UV light-induced damage. Understanding 
textile/UV light interactions is fundamental for UVR protective textile research, and it is useful 
for engineering design and guiding the production of the textile industry.  
2.1 Ultraviolet radiation 
2.1.1 Definition of UV radiation 
Ultraviolet (UV) radiation was first discovered in 1801, by Johann Wilhelm Ritter, a German 
physicist, who detected the invisible rays just beyond the wavelength of visible violet light. His 
research found that this ray can make silver chloride-soaked paper darken quicker than violet 
light. He called this light “oxidizing rays” because it was found to initiate chemical reactions. 
Since then, “chemical rays” have been widely studied in a vast number of research fields 
throughout the 19th century. During that period the “chemical rays” and “heat rays” were 
renamed ultraviolet and infrared radiation, respectively [2].  
UV radiation, or light, is characterised as an invisible electromagnetic radiation, with a longer 
wavelength than X-rays but shorter than visible light. It ranges from a wavelength of 10 nm to 
400 nm (nanometres) and energy from 3 eV to 124 eV [3-5]. It was named ultraviolet light as 
its electromagnetic wave frequencies were higher than violet in the visible light spectrum.   
Ultraviolet radiation (UVR) is commonly classified into UVA (315ņ400 nm), UVB (280ņ315 
nm) and UVC (100ņ280 nm), based on the biological effects of different wavelengths. 
According to ISO-DIS-21348 [5-7], the scientific subtypes are shown in Figure 2- 1 [4, 6, 7]. 
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Figure 2- 1: Wavelength distribution [4, 6, 7]. 
The term UVA, named near UV, represents long wave or black light, which is used to make 
objects fluoresce. UVA rays account for up to 95% of the UVR reaching the Earth's surface, 
and it is able to penetrate through clouds and glass. UVA rays are 30 to 50 times more prevalent 
and penetrate the skin more deeply than UVB [8, 9]. Due to its ability to penetrate deep into 
the dermis skin layer, light is mainly responsible for sun tanning and sunburn, and also induces 
increased melanin and chloasma, skin aging, wrinkling, scaling and dryness [10].  
UVB, or medium wavelength UV. About 90% of it is absorbed by the ozone layer in the 
stratosphere. It produces sunburn, painful erythema, blistering, swelling heat pain and mottled 
pigment abnormalities, consisting of hyperpigmentation and hypopigmentation [11]. UVB has 
the highest potential to cause skin cancer. Moreover, UVB rays can damage human skin across 
the entire year, not just the summer, especially in high latitudes and large areas of snow or ice. 
80% of rays can be reflected by snow or ice and cause secondary burning to skin [9].  
UVC (short wave UV) is the most powerful of all the UV wavelengths, due to its strong 
penetrating power. The wavelength of vacuum UV is below 200 nm and can be absorbed by 
the oxygen in the air [5, 6]. Ozone in the stratosphere is made by UVR of atmospheric gases 
high in the earth’s atmosphere. The UVC in solar radiation is responsible for ozone generation. 
Oxygen (O2) is resolved into its unstable atomic state (O), after being irradiated by rays with 
short wavelengths, and these oxygen atoms (O) react with O2 and form O3. 97–99% of the UVR 
with a wavelength below 290 nm that penetrates through the atmosphere can be blocked by the 
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ozone layer [10, 12-15]. Therefore, UVC and Vacuum UV are not often present in sunlight at 
ground level, they will not be discussed further in this project. 
A large proportion of UVR is absorbed by the ozone layer in the stratosphere; while others are 
reflected back above the stratosphere. Once in the lower atmosphere, UVR can be divided into 
several light formats. One part of UVR is scattered across the whole sky (blue light) in several 
different ways such as, UVR can be reduced by heavy cloud cover, UVR can be scattered by 
small particles in the atmosphere, and a portion of UVR penetrates the thinner clouds and the 
gaps in the clouds. The other part of UVR can be reflected from the environment, such as hills, 
trees, water and buildings. For example, 40% of UVR striking water penetrates to a depth of 
50 cm and up to 25% of UVR can be reflected by sand at the beach. Snow reflects up to 80% 
of the sun's UV light [8]. Therefore, research must consider a wide range of solar UVR angles 
of incidence, as it may come directly from the sun, scattered angles from the atmosphere and 
scattered/reflected from the surface of objects in the environment [16, 17]. It is worth noting 
that UVA can go through normal glass indoors or into windows of cars [8, 9], therefore people 
inside houses or cars also need UVR protection.      
2.1.2 Factors affecting UVR levels  
There are several factors affecting the levels of solar UVR [16-18]. 1) Sun angle is the most 
important factor because it is directly related to the height of the sun in the sky. The higher 
altitude above the horizon has a thinner atmosphere and so there is greater intensity of UVR 
[19, 20].  
2) Geographical position (latitude on the earth) is another important factor, with regions closer 
to the equator receiving more UVR than areas close to the poles [21].  
3) Sunshine time and seasons should be taken into account, for example, during 11 am to 2 pm, 
the sunshine is the strongest in a day. This is because the path through the atmosphere is the 
shortest at these times. The highest duration of sunshine is in the middle of summer. This is 
because the angle of the earth makes the area being exposed closer to the sun in summer than 
in winter.  
4) Cloud cover also plays an important role in affecting the sun’s rays that reach the earth 
surface. Cloud is composed of many minute water-droplets or ice crystals, or a mixture of both, 
as the formation of clouds is caused by water vapour condensation. The water droplets in the 
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clouds can cause scattering and reflection of part of the solar UVR. Thin cloud, or cloud with 
low density, is not enough to protect the creatures on the ground against UVR.  
5) The ozone layer in the atmosphere can absorb all the UVC and most of the UVB radiation 
from sun light. Ozone layer depletion, due to human generated airborne pollutants, has become 
a severe environmental issue attracting worldwide attention [14, 22, 23]. In 2007, the ozone 
hole became the largest recorded compared with the past 15 years from the data of NASA's 
Earth-observing Aura satellite [14, 16, 17, 24-28]. The science associated with the ozone hole 
is complex, the actions taken under the Montreal Protocol have led to decreases in the 
atmospheric abundance of controlled ozone-depleting substances. Although the ozone 
depletion is no longer worsening and that it is in fact healing (the total column ozone will 
recover toward the 1980 benchmark levels [29]), this remain a severe health threat. 
In summary, Australia has a greater risk under UVR. The geographical position of north 
Australia is low latitude, the ozone hole is over Antarctica, which has the potential to increase 
UVR levels in southern Australia by occasional ozone-depleted air blown from stratospheric 
winds. In terms of season, Australia suffers from the highest level of UVR in January. Even in 
the winter, UVR protection needs to be emphasized [30]. Therefore, in countries such as 
Australia, great attention must be paid to increasing awareness of UVR prevention and 
protection.  
2.2 Effects of UVR on human body 
UVR exposure can be both beneficial and detrimental to humans; the UVR-induced damages 
may outweigh the benefits coming from sunlight exposure.  
2.2.1 Beneficial effects of UVR on human body  
Sun exposure is responsible for absorbing of synthesis of pre-vitamin D3 by the human body. 
UVB radiation from sunlight penetrating the skin reacts with 7-dehydrocholesterol present in 
the skin and is absorbed, producing vitamin D in the skin epidermis (peak production is 
obtained at a UVB wavelength range of 295 to 297 nm) [31, 32]. Vitamin D is an essential 
factor for human health as it contributes to calcium metabolism, promotes cell differentiation, 
modulates the immune system and assists with the adjustment of insulin secretion and 
concentration within the blood [33, 34]. 1000ņ2000 IU per day of vitamin D is recommended 
[35]. 
[CHAPTER TWO] 
8 
Detrimental health effects due to vitamin D deficiency, occur in children and adults. Vitamin 
D can only be acquired in small amounts from an average diet [36], so production from sunlight 
is important to maintain healthy levels within the body. Vitamin D deficiency can cause 
metabolic bone problems, such as osteoporosis, bone fractures, and even rickets in serious 
situation among children. It is also related to some chronic diseases, such as diabetes and 
cardiovascular disease, multiple sclerosis, rheumatoid arthritis, inflammatory bowel disease, 
and even cancer [31, 37, 38].  
Regular exposure to sunlight is helpful for health as it contributes to the production of vitamin 
D, is beneficial for treatment of patients with inflammatory skin conditions (such as psoriasis 
[39] and atopic dermatitis [40]). It can provide the production of antimicrobial effects to the 
human body and prevents bacterium growth on the skin surface [41]. On a cloudy winter day 
the amount of vitamin D from solar exposure is not enough for a clothed human [34]. Therefore, 
a healthy dose of exposure to sunlight needs to be considered; 5-10 minutes exposure, 2 to 3 
times per week is recommended [31, 35]. 
2.2.2 Harmful effects of UVR on human body 
From the view of wavelengths, UVA, UVB and UVC cause different damages to human health. 
UVC does not reach the surface of the earth as UVC rays are absorbed by the ozone layer. Most 
UVA and little UVB rays can penetrate through the clouds and reach the earth’s surface. UVB 
has a much greater level of hazard than UVA because of UVB’s more activated bioactivity 
[15]. Table 2- 1 shows the different parts of UVR that can cause a threat to human health. 
Table 2- 1: Effects from UVR on human body. 
Sources of 
UVR 
Percentage reaches the Earth’s 
surface[42-44] 
UVR induced risks on human health [42, 45-47]  
UVC About 0% (little) Extremely dangerous and blocked by ozone layer 
UVB 1-10% Skin cancer, cataracts, sunburn, painful erythema, blistering, etc.  
UVA >95% Premature ageing, Wrinkling of the skin, implicated in skin cancer, 
sun tanning, scaling and dryness, etc. 
DNA and immune system damage. The direct or indirect formation of DNA lesions and 
mutations can be induced by UVR [48]. Genotoxic and detrimental effects such as cell 
mutagenesis and death are found by irradiation of purified DNA or living organisms with UV 
light [49]. DNA mutations, which can result in the possibility of chemical mutagen of gene[50]. 
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Damaged DNA repair and gene mutations (in the p53 gene) in skin carcinomas potentially 
contribute to sunlight-associated skin cancer mutations [44, 51-54]. Cyclobutane pyrimidine 
dimers (CPDs) produced in the UVB range of the solar spectrum are strongly related to 
photoproducts and oxidative DNA damage, and result in initiation of melanoma and non-
melanoma skin cancers. High-energy artificial UVC at 254 nm is another contributor [44]. In 
contrast to UVB, UVA (320–400 nm) irradiation may also result in CPDs, however it is not as 
prevalent as the first two wavelengths (UVC and UVB). UVR induced mutated P53 gene is 
highly related to immunohistochemistry [55]. UVR-induced modulation of the immune system 
can result in immunological diseases [39, 56], and UVR caused immunosuppression may 
promote the development of cancer (both skin cancer and internal cancers) [39, 57, 58]. 
Eyes damage. The wavelengths below 295 nm can be absorbed by the human cornea, UVA 
(315-400nm) and UVB (280-315 nm) accordingly cannot be absorbed but penetrate deep into 
internal eye tissues, including bulbar conjunction, cornea, iris, crystalline lens, vitreous body, 
and retina [10, 59-61]. UVA and UVB can cause pathological and biochemical effects on the 
tissues, and UVB-induced damage to the eyes is more detrimental than UVA [38]. Excessive 
UVR exposure can cause cataracts, photokeratitis, erythema of the eyelid, solar retinopathy, 
retinal damage and macular degeneration [10]. The scattering process under natural and 
artificial shade can also be dangerous to eyes [62]. The diffuse fraction for UVB radiation (ratio 
of diffuse to direct-beam radiation) under tree shade is higher than that in the open area [63] 
and the difference of test results of the shadows of trees is also caused by the density of leaves 
in the trees [64] . This result may cause damage to eyes, including cataracts and age-related 
macular degeneration [65]. Therefore, UVR protection for eyes should be necessary. Sunhats, 
which are made from UVR protective textiles, are daily necessities, especially for outdoor 
activities.  
Dermatologic diseases and skin cancer. Excessive exposure of sunlight can raise the risk of 
developing several dermatologic diseases including an increase of melanin under the skin, skin 
aging, wrinkle production, increasing skin coarseness, producing spots, producing erythema, 
inducing skin inflammation (such as Xeroderma Pigmentosum and subcutaneous vascular 
dilation) [11, 47, 66], and skin cancer [32, 67-72]. As early as 1890s, people started to realize 
that the skin cancer might be correlated with sunlight since a German physician working on 
dermatopathology found that sailors with long-term outdoor work had much higher incidence 
of skin cancer. The main types of human skin cancer are non-melanoma (basal and squamous 
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cell carcinoma) skin cancers and melanoma skin cancers [73]. The non-melanoma tumours 
originate from keratinocytes that have undergone malignant transformation. Melanoma results 
from transformed melanocytes in the skin. According to research results, both non-melanoma 
and melanoma skin cancers are associated with sunlight exposure [74]. UVB (290-320 nm) is 
verified to contribute to non-melanoma skin cancers upon a variety of epidemiological 
investigations. Previous research has associated UVA with carcinogen production although the 
damage induced from UVA is less than UVB [75] whereas current thinking states that the 
influence, of UVA (320-400 nm) may be contribution to melanoma production is still in debate 
and needs to be clarified [44].  
There are several factors affecting skin cancer occurrence. 1) Depletion of the ozone layer can 
cause the increases of solar UVR reaching the surface of the earth. As a result, a great number 
of adverse influences can happen, especially in skin cancer aspect [76]. 2) Region and 
migration impact on the risks of skin cancer. A study in Australia showed that length of 
residence in an environment with high ambient solar radiation raises the risk of skin cancer. 
Children changing location from a low UVR exposure to a high UVR exposure early in life are 
at greater risk of developing skin cancer [77]. In terms of the people, who live in low-latitude 
areas or in the sub-tropical regions, they are more likely to develop sun-sensitive skin and even 
skin cancer [32]. 3) Skin damage from UVR is dependent on human variance and genetic 
factors, in particular skin colour and skin type [78]. Usually, people with dark skin have more 
protection against UVR exposure than those with white skin [32]. People with white skin can 
be hurt by sun exposure more easily. Caucasians have higher risks of skin cancer in the last 
century. Also, inherited human genetics can cause a predisposition to skin cancer [77]. 
Individuals with a personal history of non-melanoma skin cancer may develop the risk of other 
subsequent cancers [79-81]. 4) Age and sex affect the rate of developing skin cancer. Although 
the prevalence of skin cancers in children is lower than adults, UVR exposure in childhood and 
adolescence is more responsible for adult skin cancers and children should be protected 
accordingly [45]. The estimated data from the UK at younger ages shows that the distribution 
of UVR-induced cancer cases in males (90%) is a little higher than in females (82%), due to 
the more UVR exposure than women [82].  
The rising incidence of skin cancer has been found recently in many human populations. 
According to the American Cancer Society (ACS), large increases in morbidity caused by skin 
cancer are occurring in many countries. Every year, > 3.5 million cases of basal cell carcinoma 
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(BCC) and squamous cell carcinoma (SCC) are reported, while > 76,000 people are diagnosed 
with melanoma. Each year, approximately 2,000 patients die from these tumours or 
complications associated with them [83]. According to statistical data from the ACS of this 
disease, in 2010 there were 68,130 new cases [44, 84]. 
In summary, excessive UVR exposure may have more disadvantages than advantages to human 
health, since it might not be beneficial for longevity from the recent research findings [85]. 
Due to the risks of UVR-induced DNA and immune system damage, such as skin cancer, other 
internal cancers, and eye damage, preventative behaviours should be recommended [86], and 
the details will be introduced in the following sections.  
2.3 The preventative behaviours for UVR protection 
People need to undertake outdoor activities in the Sun [87-89], such as water sports, tennis, 
golf, gardening, cricket, equestrian sport, bicycle riding, farming and fishing. Exposure can 
happen inside a vehicle or building where light can penetrate through large areas of glazing. It 
is worth mentioning the fact that pilots suffer from more UVR exposure than people on the 
ground, as there is less atmosphere to remove harmful UVR and high-intensities UVR in such 
a high altitude. Outdoor workers, such as sailors, athletes, builders, farmers, and fishermen, are 
more likely to be affected than indoor workers [90-92]. In Australia, the number of cases of 
non-melanoma skin cancers occurring in outdoor workers was twice as prevalent as indoor 
workers [93]. As an added note, more than 50-60% of UVA can pass through glass or car 
windows [8]. Therefore, people sitting near a window either at work, home, or during long-
distance travel, should pay more attention to use UVR protection products. Therefore, to reduce 
exposure to UVR, individuals should determine their personal UVR exposure and the 
distribution of UVR exposure on the human body. Preventative behaviour for personal UVR 
protection is recommended.  
2.3.1 Distribution of UVR exposure on the human body 
Personal UVR exposure is affected by several factors, and the assessment of it contributes to 
the guidance of risk estimates of UVR-induced damage in humans [90]. 1) It is caused by 
individual reasons. Everybody’s skin complexion and skin sensitivity to UV light is different 
from each other. The situation of UVR exposure also depends on which parts of the body are 
towards to the Sun, the time spent outside (accumulation of discontinuous or continuous 
exposure time), the kinds of activities, and exposure under human’s static or dynamic condition. 
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2) The second factor could be the protective methods that people use and level of protection of 
UVR protective material on the human body. 3) Local environmental influences, which 
interrelate and influence UVR have impacts on personal UVR exposure, including ozone 
thickness, weather, season, cloud cover, air pollution, geography, sunshine duration, 
reflectance of natural environment and artificial buildings. 4) There are public impacts of UVR 
protection, including government policy implementation, facilities establishment and public 
awareness [94-96]. 
The study on the distribution of UVR exposure provides useful information for the 
development of UVR protection products. The levels of UVR can vary according to structures, 
shapes and angles of the human body inclination to the Sun and the distribution of sun exposure. 
From the research of exposed anatomic sites, when a human is standing under the Sun, the top 
of the head is exposed to the most UV light, followed by forehead, bridge of nose and chest. 
After these body parts, the middle part between the chin and chest, knee, and feet are exposed 
less to UVR. And the dose of UV light on the shoulder, hand, back and the leg below the knee 
is exposed the least UVR [96-98]. UVR exposure is composed of direct, diffuse and reflected 
radiation. The direct radiation is the main UVR exposure to human parts, especially from 
horizontally (vertex) body sites. Diffuse radiation is also the main resource of the total exposure. 
The human body is exposed to very little reflected radiation [96]. In addition, scattering of 
particles also participates in the UVR exposure [62]. Figure 2- 2 which is from Wright and 
Guy’s studied results [97, 98] shows the average daily distribution of UVR exposure for a 
person. In terms of this distribution, textiles are a good choice because they can be more 
suitable and fitted to different parts of human body. The UVR protective textiles will be the 
major target of this project.  
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Figure 2- 2: Daily anatomical distribution of UVR exposure for children and adolescents in Durban (unit: 
standard erythemal dose) [97, 98]. 
2.3.2 UVR protection methods for the human body 
UVR protection is necessary for individuals to avoid excessive UVR exposure during their 
daily life. The two main types of protection used for the human body against UVR are avoiding 
exposure and/or using barriers to exposure between sunlight and the body. There are many 
ways to avoid exposure to the Sun and the most conservative of these is to stay indoors. 
However, this is impractical to give up all outdoor activities. When people choose outdoor 
behaviours, there are several methods of UVR protection as barriers. Individuals may use 
sunscreens, sunglasses, UVR protective umbrellas or shades, broad-brimmed hats, and UVR 
protective clothing [3] (Figure 2- 3).  
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Figure 2- 3: Comparison between shades and UVR protective clothing. 
Shade can cover and protect skin [99] and seeking shade is a simple way to avoid UVR 
exposure. Both natural shade (e.g. shade of trees and plants) and artificial shade (the shade of 
buildings or fences, umbrellas and constructed shelters) are useful protective methods to reduce 
excessive UVR exposure [19, 64, 100, 101].  
However, shade also has shortcomings. The UVR can be scattered beneath the artificial shade 
and cause health damage [102-105]. The proportion of UVB wavelengths in the shade is higher 
than in the Sun directly. This means at the shorter wavelengths (UVB), both trees and 
constructed shades cannot provide enough UVR protection of diffuse radiation to human body. 
This results in potential biological damage to human health (e.g. erythema and melanoma) [63, 
103, 106-109].  
The use of sunscreen is now widely accepted as a way of providing UVR protection to the 
human body [110, 111]. However, there are some uncertainties regarding sunscreen use. Some 
studies indicated that use of sunscreens increased the risk of developing nevi and melanomas 
[112-115]. The controversial question is whether sunscreens can prevent immunosuppression 
effects and tumours while they provide UVR protection to skin [116, 117]. There is concern 
from reports that nanoparticles active agents of the sunscreen may permeate through the skin 
to internal tissues [118-121]. Some research suspects that sunscreens may also block Vitamin 
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D synthesis [122, 123]. Some sunscreen products are not suitable for infants (for example some 
sunscreens may contain alcohol), since children’s more sensitive skin is not as tolerant to 
chemicals as adults [124, 125]. To be effective, sunscreens need to have high frequency 
application [126, 127], due to the its limit time activity and weak stability for water or sweat 
[12, 128].  
UVR protective clothing plays an important role in personal protection against UVR exposure. 
The surface of the skin, which is covered by UVR protective clothing, can be effectively 
protected against short-term and long-term sun exposure. There have been essential advances 
in the materials and techniques for UVR-protective clothing fabrics for both normal, 
photosensitive people and patients suffering from other skin diseases [129]. The standard of 
UVR protective clothing has been promulgated and implemented around the world. An 
example for this is the standard measurement unit: UPF (Ultraviolet Protection Factor) rating 
system or UPF value [130-132]. An increasing interest for textile industry and research area is 
protection against UV radiation, due to the growing number of people suffering from UVR-
induced diseases [133].  
Broad-brimmed hats (at least 5+ cm) are effective for preventing UV exposure to the eyes as 
well as other parts of the head, neck and shoulder area [127]. The brim and shape of hats can 
influence the levels of UVR protection, the bigger brim provides more protection, including 
the face [134]. Research on the fabrics with UVR protective function is helpful for improving 
the UVR protection of clothing, hats, umbrellas and other artificial shades.  
2.3.3 The best way for personal UVR protection 
Each method has particular characteristics: shade is the removal of the skin from the place of 
UVR; cloth is a physical barrier between the UV light source and the skin; and sunscreen is the 
absorption of UV portions of light by the application of coatings on the skin surface. In 
comparison with other UVR protective methods, clothing has unique and outstanding features, 
which cannot be replaced by other methods. Functional UVR protective clothing is convenient 
and effective; unlike shade, it allows for greater activity and movement (Figure 2- 3). UVR 
protective clothing does not require frequent maintenance during the day [135], compared with 
sunscreens. It can continue to protect the body even if it is exposed to diffuse or reflected UVR 
[136]. Works still need to be done to enhance the comfort of UVR protective fabrics to make 
them more comfortable for people to wear [132]. In addition to UVR protective clothing, 
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textiles are also widely applied to many other relative UVR protection methods, such as 
artificial shades, Sun shelters, marquees, personal umbrellas, hats, and accessories.  
However, the quality of products in the markets is uneven. Although consumers can identify 
the levels of sun protection of UVR-protective products by the UV index labels with the 
ultraviolet protection factor (UPF) value (range between 15 and 50 [137]), they cannot be 
certain about the UVR protective clothing is safe enough in the Sun [138]. It is difficult for 
consumers to understand how the UVR-protective clothing contributes to blocking UVR and 
how much the UVR protection in the clothing. The UVR protective function of some products 
may be decreased after several washings, as washing can damage the coating construction on 
the surface of fabrics leading to the decrease of the UVR absorptive materials. The UVR 
protection of low quality products may be discounted and provide inadequate UVR protection 
and limited benefit to the consumer. After washing, only 50% initial amount of UV absorber 
agent remains bound to the fibres surface [139]. 
Therefore, improving UVR protection of textiles is essential to protect wearers against UV 
radiation induced risks. Many challenges and opportunities still need to be researched to 
enhance UVR protection of textiles. 
2.3.4 The methods for improving the UVR protection of textiles 
UVR protective textiles have gained in popularity over the past three decades. With the 
development of technological innovation, fabrics are given UVR protection by two main 
methods: chemical and physical.  
2.3.4.1 Chemical method
Chemical methods are widely applied in the textile treatment and finishing processes, due to 
their high efficiency and effectiveness. To improve UVR protection of textiles, there are several 
methods: 1) the addition of ceramic particles [140] or UV absorbing agents during synthetic 
fibre production; 2) the treatment of textiles, using UV absorbers or UV shielding agents as 
either a coating on the surface or as a dye-like particle within the fibre; 3) the use of dyes with 
UV blocking function to colour the textiles; 4) the addition of fluorescent brightening agents 
in the dyeing or finishing process; 5) the use of UVR protective laundry additives [141, 142].   
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(1) Chemicals 
Metallic oxides (such as Al2O3, MgO, ZnO, TiO2, SiO2 and CaCO3) are generally used as an 
inorganic UV absorber applied in textile treatments. ZnO and TiO2 are the most popular 
materials used, and these materials have been produced in nanoparticle form for application 
[139, 143-158]. When the size of nanoparticles is similar to or smaller than wavelengths in the 
UVR ranges, the ability to absorb UV light is dramatically improved. These nanoparticles have 
a larger surface area-to-volume ratio and higher surface properties. In the range of UVR 
wavelength, nanoparticles with 50-120 nm have the best UV absorption, which means they 
also have the lowest transmissivity at this range of wavelength [139, 143-150, 155]. In the 
ranges of wavelengths less than 350 nm, ZnO and TiO2 have similar UV blocking effects, 
however, in the 350-400 nm (UVA range), the UV blocking effect of ZnO is much higher [140, 
145]. TiO2, with a particle size of 30-40 nm, is good for blocking UVR in the UV region below 
400 nm [159-162]; Al2O3 has strong absorption to the wavelength below 250nm [163]; the 
reflectivity of SiO2 to the UVR below 400 nm is up to 95% [148, 164]. These metallic oxide 
nanoparticles also provide other functions to textiles, such as antibacterial properties [145, 157, 
165-173] and self-cleaning properties [174-176]. 
Using organic absorbers, such as substituted benzotriazoles, can make the UVR protection of 
fabrics very stable with covalent bonds between absorbers and fabrics [177, 178]. Most organic 
UV absorbers have a conjugated structure and hydrogen bonds and, after absorbing UVR, 
tautomerism in hydrogen bonding will occur, which means the ability of certain chemical 
compounds to exist as a mixture of two interconvertible isomers in equilibrium. The ortho-
hydroxyl group is primarily responsible for UV absorption. Other organic UV absorbers are 
generally the derivatives of o-hydroxy benzonphenones, azimido-benzene, diphenyl ketone, o-
hydroxy phenyltriazines, o- hydroxyl phenyl hydrazines [13, 140, 179].  
UV absorbers can be applied onto textiles by exhaustion from a dye bath, pad-dry-cure, coating 
[146, 147, 180], sol-gel [167, 181] and magnetron sputtering. Dyes with good UV absorption 
or blocking generally have functional groups including benzophenone, Phenyl 
polybenzoxazines three, benzotriazole and salicylates with their chromophore. There are many 
different approaches for the preparation of nanoparticles, such as hydrothermal, 
mechanochemical, sonochemical, chemical precipitation, sol-gel, electro deposition method, 
microwave method, spray-pyrolysis [133, 182]. In addition to these methods, UVR protective 
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agents can be added into the spinning dope or be blended with a polymer prior to synthetic 
fibre extrusion [13, 140].  
(2) Disadvantages of chemicals  
Questions about the risks of using chemicals for UVR protection of materials are highlighted 
in research. Potential dangers of chemical methods, such as cancers and genetic mutations, can 
arise from the inappropriate selection and use of some chemicals. The effluent and process 
waste can also have a negative effect on the environment. The main concern is the toxicity of 
ingredients of UVR protective agents and the potential health effects associated with these. 
With the introduction of nanoparticle-containing agents, there is also a concern over the 
possibility of damage from nanoparticles.  
Phototoxic chemicals. Many chemicals that absorb UVR change shape, chemical structure, 
energy level, and/or are broken into different compounds when exposed to UVR. These are 
normally labelled phototoxic. Some chemicals exhibit phototoxicity, such as: 
phenylbenzimidazole, which causes intracellular and DNA damage, and Octyl 
methoxycinnamate which induces photosensitisation [183]; and exhibit photoallergic 
possibilities, such as: oxybenzon (benzophenone 3) which causes cell damage, and trianilino 
p-carboxyethylhexyl triazine which causes photodegradation [184]. Chemical remaining in the 
textiles such as dyes could be harmful to sensitive individuals such as children [185]. 
Cause of skin diseases. The research on the effects of sunscreens on health found that some 
chemical ingredients can cause potential skin allergy and carcinogenicity [115, 117, 123]. The 
UV absorbers can produce reactive oxygen species and generate radicals in the skin and thus 
may lead to the potential of developing skin cancers, such as melanoma [186] and allergic 
reactions [184] when the clothing is tighter or the skin excretes sweat [187].   
The effect of nanoparticles. Nanotechnology has become an increasingly popular research field 
[188]. Nanoparticles of <100 nm are already applied, not only in cosmetics and sunscreens, but 
also in textile treatments for improving UVR protection. The question that has garnered 
particular attention is that nano-sized ingredients may cause risks to health [118, 119], for 
example, small particles may penetrate into the skin [120, 121], and induce skin sensitization 
and inflammation. Some nanoparticles are insoluble; thereby they may residually rest on the 
surface of the skin, or enter the circulation system [189]. Other studies, on the contrary, have 
suggested that there are no different effects between micro-sized and nano-sized particles, and 
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it means the size of nanoparticles is safe and cannot penetrate into, or through, human skin. 
The toxic studies on insoluble particles showed that the toxicity is not caused by the particle 
size but by the chemistry [189]. It is hard to answer this question because the technology is still 
not sensitive enough so far to distinguish the nanoparticles or soluble ion skin penetration [190]. 
Besides the safety issues, nanoparticle coating method may affect other properties of the fabrics, 
such as dyeing capacity, tensile strength, bursting strength, bending rigidity, air permeability, 
hydrophobicity [157], and fabric friction [139]. 
Above all, the use of chemicals for UVR protection technology should be interpreted and 
applied with caution, since people completely rely on UVR protection products to prevent 
UVR-induced health problems. Also, it is important that to minimize the safety issues from 
chemicals used in UVR protective products at the same time. The purpose is to prevent wearers 
against secondary damage from the chemical treatments on the UVR protective products. 
Reducing chemical use in textile treatments to achieve good UVR protection is a safe and 
acceptable way for consumers and can also reduce environmental pollution [191]. Therefore, 
research to minimise, or eliminate, the use of chemicals in textile UVR protection is important 
to both the wearer and the environment. Using physical methods can reduce the use of 
chemicals. 
2.3.4.2 Physical method  
If UVR protection of textiles is sufficient, then chemical usage could be reduced. Physical 
methods can maximise UVR protection of textiles. For example, some fibre types may have 
higher UV absorption than other fibre types at a certain range of UV wavelengths. Accordingly, 
this fibre type should be the priority of materials selection for UVR protective clothing. 
Varying the arrangement of yarns can give different fabric density, for example, fabrics with a 
higher density should have a higher UVR protection. The arrangement of yarns with a higher 
fabric density should be taken into account for UVR protective fabric design. 
Therefore, research on UVR protection of fibres, yarns and fabrics themselves is necessary for 
exploiting the capacity of UV absorption, reflectance, scattering and transmittance of textiles. 
Beyond this research, the application of UVR protection of textiles and enhancing UVR 
protection by arranging fibre, yarn and fabric parameters are new directions for the 
development of UVR protective textiles. This project will address this for further study, with a 
particular focus on the factors influencing UVR protection of textiles. It is essential to 
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understand the factors influencing UVR protection of textiles, in order to improve the 
technology, develop the UVR protection and increase performance factors of UVR protective 
clothing.   
2.4  Factors influencing UVR protection of textiles 
Generic clothing cannot provide sufficient UVR protection for wearers. Earlier research has 
shown that most summer clothing provides UVR protection of less than SPF 15, and sometimes 
only SPF 5 to 10 [192, 193]. Although understanding of the effect on sun exposure to the 
incidence of skin cancer dates back as early as 1890s, research on UVR protective clothing and 
fabrics has only been markedly pursued in the last three decades. Similarly, the developing 
standards have been published only during the last two decades. A great deal of additional work 
and further studies need to be explored in the design of clothing with enhanced UVR protection. 
2.4.1 Fibre type 
Fibre type has an influence on UVR protection of fabric [194, 195] as different fibre types have 
varying levels of UVR absorption. Fabrics composed of polyester and wool fibres record better 
UPF values than cotton, nylon, silk and viscose rayon [141, 196-198]. Polyester fabrics can 
give relatively high UVR protection [199], and the UVR protection of polyester is highest 
below 310 nm in comparison with other fibre types (acryl, viscose, cotton, nylon, and flax) 
[200, 201], but it is opposite in the wavelength higher than 310 nm [198].   
2.4.2 Fabric construction 
Textiles are mainly classified into three types according to their fabric construction: woven, 
knitted, and non-woven. The first two are usually applied to clothing products. Fabrics with 
tighter weave or knit can provide better UVR protection than looser ones [202-205]. Woven 
fabrics generally have higher UVR protection than knitted fabrics, since the construction of 
woven fabrics is normally denser than that of knitted fabrics. The difference in density is 
generally related to the spaces between the yarns in knitted fabrics being larger than in woven 
fabrics. Fabrics with closely spaced yarns in plain weave construction have a higher UPF rating 
than other weaves due to the closer construction [206, 207]. 
Some factors related to fabric construction also influence UVR protection of textiles, including 
tightness, weight and thickness [208]. Research in this area has shown that tightness of 
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structure is important in protecting against UVR. This could be that the tight structure provides 
a consistent layer of fibres that the UVR must penetrate to get through the fabric. This is 
reinforced by the impact of thickness and fabric mass per unit that suggest this impenetrable 
layer of fibres contributes to UVR protection. The number of holes allowing direct transmission 
of light through the structure could also influence the UVR protection of the fabric. As knitted 
structures have increased holes, research could focus on minimising direct transmission of 
UVR through these paths in a knitted fabric or open weave fabric. The higher weight fabrics 
allow less UVR transmittance than lighter weight fabrics with the same fabric construction 
[130, 192]. Thickness can affect the UVR transmittance through the fabrics. It appears that 
there is less UV light being transmitted through the thicker fabrics than through thinner fabrics 
[201, 204, 209, 210].  
2.4.3 Cover factor 
Cover factor is a primary determinant of UVR transmission of fabrics [193, 196, 206, 208], 
because UVR transmission depends on fabric openness or porosity [211, 212]. Fabric cover 
factor is the ratio of the area covered by the yarns to the whole area of the fabric. Cover factor 
describes the numbers of yarns covering a unit area for woven fabrics, and the numbers of 
loops covering a unit area for knitted fabrics. It can indicate the connection degree of the 
tightness of yarns in a fabric therefore it is closely related to the porosity of fabrics. The 
parameters of density, compactness and tightness are also referred to as the openness or 
porosity of fabrics, so they have similar meanings to explain the relationship of UVR 
transmittance [201, 213, 214]. Although cover factor conveys the tightness of the fabric 
structure, it does not account for the yarn parameters. Two fabrics can be either knitted or 
woven, from identical count yarns where one yarn is bulky (having a large diameter) and the 
other lean (having a small diameter) in construction. The fabric constructed from the lean yarn 
would have more porosity than the fabric constructed from the bulky yarn, so it would be 
expected that the UVR protection factor would be different.  
2.4.4 Stretch and shrinkage 
In the consumer survey, the Moon’s study reported that on average, about 15% stretch is 
achieved when the picked elastane-based garments are worn [215]. For stretchy fabrics, the 
UPF rating will be changed with the level of stretch [194]. With increasing stretch, more UVR 
can be transmitted through the fabric since the holes or openness in the fabrics becomes greater 
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[130, 194, 207, 215]. Experiments with joggers showed that the UPF of test garments decreased 
compared with the garments in the static state [135]. In contrast, higher shrinkage of fabrics 
will cause tighter construction therefore providing higher UPF ratings.     
The volume of material between the UVR source and the skin has been seen to provide the best 
protection. This is evident as fabric thickness, weight, construction, cover factor and stretch, 
which all influence the amount of fibre material that provides a physical barrier. 
2.4.5 Hydration 
Different fibre types have different hydration, which is related to the ease with which the water 
can be absorbed and the amount of water that can be absorbed. The wet textile will provide 
lower UVR protection than dry fabrics [130, 215-217]. This is because the wetting of fabric 
could reduce the scattering of UVR, which increases the UVR penetration [218]. However, 
there are some exceptions that have a higher UPF values when wet than dry, such as linen, 
viscose, polyester, modal + TiO2, polyester crepe + TiO2 [218, 219]. Moisture in the fibre can 
alter its absorbency and transparency with some fibres affected more than others. The hydrated 
or dry skin may not affect the UPF value of fabrics. There is no difference between moisture-
saturated fabrics with tap and salt water [219], since water type (distilled water, sea water, or 
chlorinated pool water) does not significantly affect the UVR transmission or the UPF values 
of a given fabric, as shown in Crews’ study [218]. 
2.4.6 Colour 
Colour has a significant effect on UVR protection of a fabric. The structure of the dye controls 
the amount of UVR absorbed so different dyes and also the varying concentration [220] of the 
dyes [212] have different absorption levels. The diverse bond structure of the dye will result in 
absorption bands of different intensity in the different positions in the UVR wavelength [207, 
221]. Deeper colours can give higher protection levels for fabrics of the same fabric 
construction, since more dye on the fibre results in higher absorption of UVR [130, 177, 192, 
193, 217, 222, 223]. Cotton fabrics dyed with blue and yellow colour increased UPF values by 
five times and two times respectively compared with undyed fabrics [198, 224].  
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2.4.7 Wash and wear 
Washing and use may increase the UPF rating due to the increase of hairiness on the yarns that 
cover the gaps between the yarns, reducing the free space between yarns in the fabric network 
[130, 225]. The work of Stanford et al.[130] reported the space between yarns was decreased 
dramatically. Fabrics can shrink after laundering, as tensions applied during manufacture are 
released with detergent and/or water. Experiments on cotton T-shirt and mercerized cotton print 
cloth fabrics also indicate that the UPF of fabrics increases after washing [207, 224]. In some 
cases, where mechanical abrasion of the fabric removes fibres from the fabric, UPF values can 
be reduced. This makes the fabric thinner and it is normally seen in fabrics of a considerable 
age, or fabric that have been worn against an excessively abrasive garment. 
2.5  Optical models on UVR protection of textiles 
The optical model provides a vital theoretical support to the physical method for improving the 
UVR protection of textiles. Based on the factors influencing UVR protection of textiles, the 
theoretical optical models can be built to understand the effect of each factor on the UVR 
protective property of fabric. To date, most of published theoretical research work has been 
conducted on optical modelling of textiles. 
2.5.1 Kubelka & Munk theory 
In 1931, Kubelka and Munk [226] developed a model to simulate light propagation in a dull 
painted layer and this advanced the differential equations for the model. In their assumptions, 
only two diffuse fluxes were considered: incidence and its opposite direction. Additionally, the 
scattered lights were assumed as part of a fraction of light flux with the reversal direction, and 
the geometrical variations of light distribution through the layer were not considered.  
The Kubelka-Munk function described the diffuse reflectance versus concentration 
relationship of a weakly absorbing material, which is:  
௞
௦ ൌ
ሺଵିோಮሻమ
ଶோಮ                                                                      Eq.2- 1 
It shows the relationship between the ratio ݇Ȁݏ  and ܴஶ , where ݇and ݏ  are coefficients of 
absorption and scattering, respectively, and ܴஶ is the reflectance of a layer with an infinite 
thickness [227]. An infinite (ܴஶ) is the reflectance of a layer, which is not changed by any 
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additional thickness of the same material [227].Some main assumptions for the Kubelka-Munk 
theory are: 
1) The medium is supposed to be isotropic and homogeneous and able to disperse light.  
2) There is no specular reflection (dull paint).  
3) The absorption (݇) and scattering coefficients (ݏ) should be constant for any layer 
thickness.  
4) The fluorescence and phosphorescence of material for the model are discounted.  
5) The equations for their system are integrated over the whole thickness of the coloured 
material.  
The Kubelka-Munk theory is widely used in the dye and colour field [228-230]. It can be 
applied for color matching in the textile dyeing area [231], in research on the absorption and 
scattering coefficients of the pigment for the paint industry [232-234] and in other applications 
and fields such as the plastics industry [235], the preparation of coloured fibre blends [236] 
and in colour reproduction related to data processing [237].  
2.5.2 Allen & Goldfinger model 
Allen and Goldfinger (1972) determined that the Kubelka-Munk theory was restrictive for 
practical predictions on UVR protection, because the medium is typically air and fibre rather 
than water. To address the limitations of the Kubelka-Munk treatment, the model was further 
developed by Allen and Goldfinger [230, 238]. This updated model took independent variables 
into account, such as the coefficient of dye absorption, refractive indexes of the fibres, the 
effect of colour on the geometry of the fabric and yarn, and the distribution of the dye within 
the fibre [227, 239]. 
Moreover, the work of Allen and Goldfinger [230] and subsequent researchers concentrated on 
the coefficient of absorption per unit radius of a colourant within one fibre type as a factor of 
the concentration of the colourant. The work conducted on colour is a solid starting point for 
deriving UV light interaction, however material properties such as diameter and internal 
transmittance should also be considered when developing the model. 
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2.5.3 Further research and model development 
Davidson and Sokkar et al conducted a number of additional experiments to further confirm 
the models [240, 241]. Goldfinger and Liu et al developed a model for researching the optical 
properties of a yarn and fabric [242, 243]. Motamedian & Broadbent utilised computer 
modelling to further improve the predictability of fabric models [244]. This work was further 
expanded to consider such factors as dye concentration, the ratio of refractive indexes [245, 
246], fibre size [244, 247, 248], the structure of the textile substrate [249-252] and dye 
distribution [253, 254].  
The majority of previous work on optical modelling of textiles was conducted in the field of 
dye/light interaction. These works were conducted in the area of light fastness and colour 
fading, with a focus on the impacts of K/S (ratio of absorption and scatter coefficients), dye 
concentration, distribution of the dye within the fibre, and the effect of light penetration and 
transmission on colour. On the optical behaviour of fabric in UVR protection, Gerth et al. set 
up a simple model (sketch map) to describe the way in which the incoming beam may be 
transformed into several forms, including scattering, reflection, absorption and transmittance 
lights. However, as this is not a mathematical model, it cannot be used to calculate and predict 
specific values [255]. Subsequently, based on the Kubelka-Munk model, Yang et al. developed 
a model on the optical behaviour of fabric by deriving parameters such as the absorption 
coefficient, the cover coefficient of fabric and structural factors. However, the parameters 
referring to the fabric structure were too complex to be calculated directly, and this theory was 
not empirically verified [256].  
2.6  The new research in this project 
2.6.1 Summary of previous work 
To summarise the previous work, there are two main aspects: empirical research and theoretical 
study. However, a thorough investigation into the way in which UV light penetrates the fibre, 
yarn and fabric, has yet to be conducted.  
2.6.1.1 Empirical research on textiles and chemical treatments for textiles 
There are some limitations in the previous work concerning the factors that influence the UVR 
protection of textiles. 1) Most previous research focused only on the fabric level [130, 202, 
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206] but few have considered the level of the yarns and fibres. The way in which UV light can 
penetrate through yarn or an individual fibre is not yet fully understood. Capjack, Stankovic 
and Dubrovski et al. have highlighted the importance of yarn parameters in UVR protection, 
however few works have investigated UVR protection on yarn [201, 206, 211, 213].  
2) Some findings about the influences of fibre type and thickness, found in early published 
works, need to be further studied to confirm the results [201]. For example, Curiskis et al. 
concluded that the fibre type is the only factor that influences the UVR transmittance of a fabric 
[201, 257]. Genkov and Atmazov tested fabrics and reported that the synthetic fibres were more 
permeable to UV radiation than natural fibres. While this finding is interesting, they only 
considered one natural fibre (cotton) in their study [201, 258]. Welsh and Diffey claimed that 
thickness was not necessary to the UVR transmittance, however, they conducted their tests 
without controlling fabric colours and structures [201, 202]. Many variables present in a fabric 
can disguise the influence of an individual factor, as it is hard to change only one variable at a 
time. Some parameters are interrelated and interact on each other, such as the relationship 
between weight and thickness.  
3) There is lack of theoretical knowledge to support the findings based on the fabric tests. Some 
previous studies have examined factors that impact UVR protection through testing amounts 
of fabrics and clothing. For instance, thicker fabrics have a higher UPF than thinner ones. 
Another example is that the cover factor is a determinant influencing UVR transmission [140, 
207], since there is openness (holes or gaps) in the fabric structure, which allows UVR to 
penetrate. Therefore, questions arise, such as, how the UVR transmits through these holes and 
what pathway does the UVR travel after it penetrates through the openness? Does it maintain 
a vertical line or an oblique line? (Figure 2- 4). These questions need to be further investigated. 
Therefore, a fundamental study of how the UV light passes through the fibre, yarn and fabric 
is essential and will be very useful for the guidance of UVR protective fabric design. 
 
Figure 2- 4: UV light penetrates through the openness. 
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4) Many previous works described an order of factors, which affect UVR protection of textiles. 
For instance, Crews and Jevtic et al. stated the order of factors influencing UVR protection for 
undyed fabrics [201, 259]: cover factor (porosity) > fibre type > thickness. Tamas reported that 
the order of importance of factors that affect the level of UVR protection is colour > weave > 
stretch > wetness [260]. However, this order cannot be confirmed due to the tested samples, 
the different test methods and conditions and different analysing methods. Because of the 
variations of the samples and conditions and the complexity of permutation and combination 
of variables, a great number of these previous tests are very difficult to repeat and confirm. 
Accordingly, using a scientific, statistical approach will be helpful to confirm the significance 
of these factors.    
5) While models to analyse the UVR transmission through the fabrics are published [213, 261], 
these models are only for woven fabrics [203, 261, 262], and few works have paid attention to 
knitted fabrics. One possibility may be because woven fabrics with a simple plain texture are 
easier to model than knitted fabrics that have many complex structures with a variety of loops. 
Another reason could be that woven fabrics are easier to control compared with knitted fabrics. 
There are challenges for knitted fabrics, for example, curling is potentially difficult for 
experimental operation, and the deformation could result in errors in the data. 
6) Previous studies have concentrated on other functions, such as antimicrobial properties [165-
169, 263, 264], wrinkle-resistance [265], self-cleaning [176] and durability of UPF [221] but 
there are very few works which take into account thermal and tactile comfort. Some papers 
included thermal comfort, but only concerning tests of air permeability, and few investigations 
have attempted to study thermal insulation [204, 210, 266].  
7) There are a large number of studies working with chemical treatments for enhancing UVR 
protection of textiles. Textiles are treated using UV absorbers, dyes during the dyeing process, 
or by adding fluorescent brightening agents in the dyeing or finishing process. However, as 
previously mentioned, the safety of chemical use is still contentious. Some studies showed that 
ZnO is safe for human health [152, 267-269], and that particle size does not impact the tissues 
[118-120]. In contrast, some studies reported that UV absorbers may lead to the potential of 
developing skin cancers, such as melanoma [186] and allergic reactions [184]. The nano-sized 
particles may penetrate into the skin [120], and induce skin sensitization and inflammation. 
Therefore, it is essential that future studies into UVR protection of textiles focus on reducing 
or eliminating the use of chemicals.    
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2.6.1.2 Theoretical research  
The majority of previous theoretical studies were in the colour and dye research fields for 
application in textile dying and pigments for the paint industry [228-230, 238, 239, 242, 247, 
270]. They paid attention to the optical properties of pigment rather than fibre, yarn or the 
fabric itself [227, 240, 241, 244, 253, 254, 271-275]. There is little research to model the fabric 
optical behaviours with the fabric structures. Consequently, the optical process of UV light 
transfer, through fibres, yarns and fabrics, is not well understood. There is no integrated or 
systematic research on all the factors affecting UVR protection. A better understanding of these 
processes can provide guidance to fabric and clothing processing in order to enhance UVR 
protection of products.  
2.6.2 The contributions of this project 
To address the limitations of the previous works, this project will focuses on the UV light 
interaction of an undyed fibre, excluding the effect of colour. It will propose a system of 
theoretical models for the passage of light through fibres, yarns and fabrics, in order to better 
understand how the light penetrates the textiles and how these factors impact the UVR 
protection of textiles. Based on the factors influencing UVR protection of textiles, except fibre 
type, fabric construction, cover factor, other fibre, yarn and fabric parameters will be involved 
in the model variables during the model built. Finally, the optimal combination of fibre, yarn 
and fabric parameters will be determined. This project will provide insight into the 
fundamentals of UVR transmission through fabrics and should provide important information 
for the textile industry on the ways in which a fabric can be designed to reduce UVR 
transmission and improve comfort. 
To avoid factors caused by different fabric parameters, this research will focus on the behaviour 
of individual fibres first, and move to an understanding of the optical process through the yarns 
and fabrics. It is important to understand how the UV light penetrates the fabric and how the 
UV light is reflected and absorbed (Figure 2- 5). In order to obtain more detailed information 
concerning factors affecting UVR protection, it is necessary to conduct thorough research into 
the system of textiles processing. In this way, fibre, yarn and fabric parameters will be 
considered in the whole system. 
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Figure 2- 5: Optical processes. 
Third, based on theoretical knowledge, this research will set up optical models in order to 
determine how UV light transmits through the fibres and yarns. It is possible to examine these 
factors at the fibre level, such as fibre diameter, fibre diameter distribution, fibre orientation, 
and fibre cross section shape. 
Fourth, fibres, yarns and fabrics will be tested separately for the experiments and the UVR 
protection with varying factors will be obtained to confirm the model system. This research 
will use statistical methods to analyse the data and provide the evidence for the model 
parameters setting.  
Fifth, this project will focus primarily on knitted fabrics (Figure 2- 6). One reason is that knitted 
clothing is more comfortable to wear than woven fabrics. Knitted fabrics have excellent 
comfort properties, such as good transmission of water vapour from the body, air permeability, 
handle, and soft touch. Knitted fabrics are also stretchable, elastic and preferred for wrinkle 
resistance, therefore they are preferable in the manufacture of many kinds of sportswear, casual 
wear and underwear. 
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Figure 2- 6: Lights penetrate through the fabrics. 
This research will also refer to tactile comfort (especially less prickle), for materials with both 
a high level of UVR protection and greater comfort for consumers. 
Finally, this project has selected undyed fibres, yarns and fabrics to study UV protection of 
fibre, yarn and fabric, respectively. Experiment results and statistical analysis will show the 
factors that influence the UVR protection of textiles. In the modelling work, the optimal 
combination of fibre, yarn and fabric parameters will be predicted, with the goal of determining 
the optimal arrangement of fibre or yarn to provide the best UVR protection and reduce 
chemical use in textile treatment.   
Summary, the aim of this project is to determine a fabric knitted structure with low weight, 
high UVR protection, good comfort, and with few chemicals, based on theoretical research.  
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3 Influence of fibre parameters on UV protection of fibres 
An extensive review of the literature in the area of the UV protection of textiles has shown that 
there is a large number of variables which affect fabric UV penetration properties, and the 
interactions of these variables has not been fully investigated. To address this problem, this 
project sets up a systematic study on the effect of individual fibre, yarn and fabric parameters 
on the UV protection of textiles. Optical models have been proposed as an ideal theoretical tool 
to understand the way that UV and visible light passes through fibres, yarns and fabrics. 
This chapter focuses on the fibre part of the work. Firstly, experiments with fibre samples 
having varying parameters were designed to determine the factors affecting the UV absorption 
of fibres. The experimental results where then statistically analysed to investigate the 
significance of each of the factors. The results from data analysis provided guidance for the 
development of an optical model. The optical model was designed to investigate the process of 
light rays penetrating through a single fibre. The shape of the fibre cross-section was taken into 
account as fibres often do not have a uniform cross-sectional geometry. A model was developed 
to consider a bundle of fibres with a fixed mass so as to understand the interaction between UV 
light and fibres when they were held closely together  
The key factors investigated in the transfer of UV and visible light through a fibre were mean 
fibre diameter, fibre type and fibre cross-sectional shape. The model was verified with results 
of diffuse reflectance spectra measurement on natural and synthetic fibres, whilst keeping the 
mass of fibres constant. With both the experimental results and information from the model the 
optimised set of fibre parameters as proposed for UV protective textiles design. 
3.1 Material preparation 
Sample holders were made from cardboard according to the dimensions given in Figure 3- 1. 
Fibres and filaments were placed in a random or organised manner, so that they fully obscured 
the entire area of the frame centre hole. 
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Figure 3- 1: Photo of fibre samples. 
3.1.1 Orientation and thickness of fibre arrays 
Wool top (17.50 μm) and polyester fibres (13.35 μm) were measured at five different fibre 
orientations where the fibres were either aligned in a vertical, horizontal, left bias or right bias 
orientation, or randomly orientated in the measurement frame. The aim of this work was to 
confirm the effect of orientation of fibre arrays. 
Randomly orientated polyester fibres were chosen at five different sample thicknesses, which 
were 0.93 mm, 1.62 mm, 2.80 mm, 4.60 mm, and 7.60 mm. The aim of the thickness test was 
to determine the optimal thickness for making samples infinitely thick and opaque, in order to 
make UV absorption [F(R)] follow the Kubelka-Munk theory [276].  
3.1.2 Fibre type  
With a constant mass of 600.6 mg, fibres of eight different fibre types were measured by 
randomly placing them so that they fully obscured a black container (diameter=23 mm and 
thickness=10 mm). The fibres used were 14.59 μm raw pima cotton fibres (CSIRO, Australia), 
chemically retted cannabis sativa “Ukraine” varietal hemp fibres of 17.41 μm in diameter 
(Ecofibre Industries Operations, Australia), 21.75 μm bamboo viscose fibres (commercial 
fibres from China), 14.22 μm Merino wool fibres (CSIRO, Australia), 14.95 μm eri silk fibres 
(Fabric Plus Ltd, Ireland), and 14.13 μm viscose fibres, 18.30 μm Nylon66 fibres, 13.35 μm 
polyester fibres (CSIRO, Australia). Measurements on these fibres with eight fibre types were 
to investigate the effect of fibre type on UV properties of fibres. 
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3.1.3 Mean fibre diameter  
Wool fibres with different mean fibre diameters: 14.22 μm, 14.88 μm (Violet Town, Australia), 
17.50 μm, 18.50 μm, 21.00 μm (CSIRO, Australia), 23.23 μm, 30.68 μm (Ballarat, Australia) 
and 44.02 μm (Mansfield, Australia). Two synthetic fibres were Nylon66 fibres with 18.30 μm, 
and polyester fibres with 11.59 μm, 13.35 μm (CSIRO, Australia). The measurements on these 
wool fibres with different mean fibre diameter were to study how mean fibre diameter 
influenced the UV penetration properties of a fibre bundle. 
3.1.4 Filament fibres 
To limit the variables seen in natural fibres, synthetic filaments were also chosen for the study 
on the effect of mean fibre diameter on the UV properties of fibres. Multi-filament fibres were 
extruded from Astapet PET 80 NAT (Marplex Australia PTY. LTD., Australia) using a Yellow 
Jacket single screw extrusion line (Wayne machine & die company, New Jersey, USA). 
Extruder temperature (Zone1: 266 °C, Zone2: 268 °C, DieZone1: 268 °C, DieZone2: 268 °C, 
DieZone3: 281 °C), winder take off speed (200 m/min) and die (18 holes, 500 μm diameter 
each) were kept constant and the screw speed varied to control the diameter of the fibre. These 
parameters should have limited variation in crystallinity of the filament structure, however 
some variation should be assumed to be present. 
Polyester filaments with different fibre diameters were extruded by controlling the screw 
revolution speed [revolutions per minute (RPM)]. Increased screw speed increased the polymer 
flow rate extruding from the die, thus increasing the fibre diameter. The diameters achieved 
and corresponding screw speed settings were: 30.96 μm (15 RPM), 36.28 μm (25 RPM), 45 
μm (35 RPM) and 58.47 μm (55 RPM).  
3.1.5 Fibre materials for confirming the models 
To enable model confirmation, some fibre samples from the fibres mentioned above were 
selected. A constant mass of 600.6 mg of fibres was placed into a black container (diameter=23 
mm and height =10 mm). To confirm the single fibre model and fixed mass fibres model, wool, 
Nylon66 and polyester fibres were used in these experiments, since they have approximate 
circular cross-sectional shapes (Table 3- 1).  
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Table 3- 1: Fibre information for the single fibre model and fixed mass fibres model. 
Natural 
fibres 
Wool fibres 
Diameter 14.22 μm 14.88 μm 17.50 μm 18.50 μm 21.00 μm 23.23 
μm 
30.68 
μm 
44.02 μm 
Source Violet Town, Australia CSIRO, Australia Ballarat, Australia Mansfield, 
Australia 
Synthetic 
fibres 
Nylon66 
fibres 
Polyester     
fibres fibres filaments 
Diameter 18.30 μm 11.59 μm 13.35 μm 58.47 ȝm     
Source CSIRO, Australia extruded 
in the lab 
    
Six different fibre types were used to confirm the shape model, and these have been detailed 
further in Table 3- 2. Since the fibre cross-sectional shapes of cotton, bamboo viscose and silk 
fibres are not circular, their actual shapes and dimensions were measured using scanning 
electron microscopy (SEM) method. 
Table 3- 2: The information of the fibres for confirming the shape model. 
 Natural fibres Regenerated 
fibres 
Synthetic fibres 
Fibre type Raw pima 
cotton fibres 
Wool fibres Eri silk fibres 
after 
degumming 
Bamboo viscose 
fibres 
Nylon66 fibres Polyester 
fibres 
Diameter 14.59 μm 18.36 μm 14.95 μm 21.75 μm 18.30 μm 13.35 μm 
Source CSIRO, 
Australia 
CSIRO, 
Australia 
Fabric Plus Ltd, 
India 
Commercial 
fibres from 
China 
CSIRO, 
Australia 
CSIRO, 
Australia 
 
3.2 Measurement and data analysis methods 
3.2.1 Measurement instruments  
Mean fibre diameter was measured using an OFDA 2000 (BSC Electronics PTY LTD, 
Australia). OFDA stands for “Optical-based Fibre Diameter Analyser”. The OFDA 2000 has 
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been recognised by the IWTO test method (TM-47) [277]. Each sample was measured 3 times 
and the mean fibre diameter recorded. 
Sample thickness was measured using a LAB thickness tester (Mas: 12.7mm, resolution: 0.01 
mm) (Mesdan LAB, Italy), and the weight of samples was measured using a shielded balance 
(Max 220 g, resolution 0.1 mg) (Mettler Toledo Ltd., Switzerland). 
Diffuse transmittance (T%) and diffuse reflectance (DR) spectra were measured using a Cary 
300 Bio UV-VIS spectrophotometer (VARIAN, INC., USA). UV diffuse transmittance was 
conducted at a wavelength between 250 nm and 800 nm, in order to obtain the transmittance 
index a, the transmittance at unit thickness (mm) at a certain wavelength. The DR spectrum 
was undertaken using the remission function ܨሺܴሻ , which is proportional to the sample 
absorption. Hence, the UV absorption was calculated from the measuredܨሺܴሻ, which was 
presented by the Kubelka-Munk equation (Eq.3- 1) [228, 231, 276], and ܴஶ is the diffuse 
reflectance for an infinitely thick sample. The infinite thickness means it is thick enough that 
there is no transmission to or reflection from the support holding the material being measured.  
ܨሺܴሻ ൌ ሺଵିோಮሻమଶோಮ                                                        Eq.3- 1 
In this study the 10 mm depth of the measurement container was enough to satisfy the 
requirements of infinite thickness. This reflectance is the limiting reflectance and is not 
changed by any additional thickness of the same material [227]. Five samples were tested for 
each fibre type and the average was recorded. In addition, for the modelling work, UV diffuse 
transmittance was conducted to obtain the transmittance index a (defined as the transmittance 
at unit thickness (mm) at a certain wavelength).  
To confirm the shape model, a bundle of fibres, with six different fibre types were embedded 
in resin (Clear Casting Starter Kit®, Adelaide Moulding & Casting Suppliers, Australia), using 
a silicone mould. The resin mounted fibres were then cross-sectioned using an ultra-microtome 
(Leica Microsystems Pty Ltd, Germany). The cross-sectioned surfaces were attached to 
aluminium SEM stubs using conductive carbon tape before they were sputter coated with gold. 
Images of the fibre cross-sections were captured using a Supra 55 VP scanning electron 
microscope (Carl Zeiss AG, Germany). The dimensions of 15 different fibre cross-sections 
were measured, and the averages were recorded.  
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3.2.2 Statistical data analysis software and methods 
Collected data was analysed for statistical significance using IBM® SPSS (Statistics Package 
for Social Science) Version 21 (IBM Corporation, USA).  
One-way ANOVA analysis was used to compare the means and confirm whether there were 
significant differences in the results from different fibre types, fibre orientations and fibre 
diameters. The data analysis from one-way ANOVA method showed that there were different 
results between the whole wavelength range (250ņ850 nm) and UV light wavelength range 
(250ņ400 nm). Univariate analysis was also used to determine the effects both of fibre 
diameter and yellowness of samples for wool fibres. 
3.3 Properties of fibres 
3.3.1 Sample thickness and fibre arrays orientation 
 
Figure 3- 2: Diffuse reflectance spectra of polyester fibres with different thicknesses. 
The UV reflectance curves of samples with thickness of 4.60 mm were almost the same as 
those with a 7.60 mm thickness (Figure 3- 2). To satisfy the requirements of the Kubelka-Munk 
equation for infinite thickness, the sample must not change in reflectance when its thickness is 
changed. For the polyester fibres used in this work, this occurs for samples 4.60 mm and greater 
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in thickness. These results confirmed that the 10 mm sample thickness for experimental 
measurement will satisfy the infinite thickness definition and requirements. 
The UV absorption results for the wool and polyester fibres with different fibre orientations 
(vertical, horizontal, left bias, right bias and random) but with the same thickness showed 
negligible difference in the results of the UV absorption. The orientation of fibre arrays had 
negligible effect on UV absorption (P>0.05). For this reason all future fibre samples were 
measured in a random orientation in this work. The orientation of fibre arrays was not 
considered for the optical models in further study. Hence, the optical models were simplified 
with a regular arrangement of fibre arrays, which will be discussed in the model part.    
3.3.2 Fibre type 
 
Figure 3- 3: Absorption spectrum of different fibre types. 
As described in Figure 3- 3, the absorption [F(R)] of UV light in the cellulose fibres of hemp, 
cotton, bamboo viscose and wood pulp viscose were very different, even though the base fibre 
material was essentially the same. The top three fibres with high UV absorption were hemp, 
wool and polyester fibres. Interestingly cotton and viscose fibres, which are accepted as more 
comfortable materials by consumers in a hot environment where UV exposure may be high, 
have a relatively low UV absorption when compared to other fibres .  
[CHAPTER THREE] 
38 
Lignin has very high absorption of UV light [130] and this is believed to increase hemps UV 
light absorption when compared to the other cellulose fibres. Wool fibres are made from a 
complex protein structure, keratin, with many amino groups which can absorb UV light [276]. 
Polyester fibres are highly sensitive to UV light, especially at a wavelength from 300-330 nm. 
This may be explained by the presence of benzene rings in the polymer chains which increase 
the absorption of UV light [199]. Nylon has a polymer structure similar to wool, made up of 
one or more amino acids however it does not absorb as much UV as there are fewer amino 
groups present. When Nylon66 is irradiated with UV light, photo-oxidation degradation occurs, 
which depends on the wavelength of the UV light and the atmospheric conditions [278-280]. 
Bamboo viscose and cotton fibres show only low UV absorption which is due to the low levels 
of lignin present and also the cellulose chemical structure [281]. The cellulose structure of 
cotton has far fewer chemical bonds with the capability to absorb UV light. The UV protection 
of cotton fibres has been found in most cases to be inadequate, so cotton usually needs addition 
of chemical treatments with UV absorber agents to achieve adequate protection [282, 283]. 
Silk is a natural protein fibre, and its absorption is attributed to the content of tryptophan, and 
tyrosine and phenylalanine [276]. Silk fibres from different cocoon layers present no significant 
difference in their UV absorption behaviour [284]. 
Table 3- 3: ANOVA analysis results for the effect of fibre array orientation on UV absorption of polyester 
fibres. 
Absorption [F(R)] 
 Sum of Squares df Mean Square F Sig. 
Between Groups 2.251 4 0.563 0.191 0.943 
Within Groups 8845.584 3000 2.949   
Total 8847.835 3004    
From Table 3- 3, where the mass of fibres was kept constant, the fibre type can cause a 
significant difference to light absorption of fibres among the fibre types (P<0.05). Therefore, 
the fibre type is an important parameter, which should be considered in the model. For the 
optical models of fibre, yarn and fabric in the following chapters, the specific gravity of fibres 
(ߜ), the transmittance index (ܽ), ratio of refractive indexes (݉) represent the differences caused 
by fibre type (the importance of each will be described further later in the chapter).   
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3.3.3 Mean fibre diameter 
 
Figure 3- 4: Absorption spectrum of wool fibres with different mean fibre diameters. 
Figure 3- 4 shows that fibre diameter has influence on absorption of UV light, and the smallest 
diameter provides the highest UV absorption, however there is not a simple linear relationship 
observed between fibre diameter and UV absorption. One reason may be that wool fibres for 
these measurements were obtained from different locations and may suffer from differences 
induced by variety: animal type, animal nutrition, climate, food source, etc. Table 3- 4 indicated 
fibre diameter has a significant influence on the light absorption of fibres in the UV 
wavelengths, hence it needs to be considered in modelling work to understand UV light 
transmission through fibre. 
Table 3- 4: ANOVA analysis results for the effect of fibre type on absorption of fibres. 
Absorption [F(R)] 
 Sum of Squares df Mean Square F Sig. 
Between Groups 369.436 7 52.777 44.594 0.000 
Within Groups 5207.363 4400 1.183   
Total 5576.800 4407    
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3.4 Optical model 
3.4.1 Single Fibre Model 
A single fibre model was developed to simulate the process of light passing through a fibre 
cross section (Figure 3- 5) in Cartesian coordinate system, in which the origin is located in the 
centre of the fibre. The cross section of a single fibre was assumed circular, and the direction 
of the incident light was assumed to be perpendicular to the fibre axis (z axis) and parallel to 
the y axis. The light became totally diffuse as soon as it has entered the fibre layer [285]. In 
Figure 3- 5, the letter ‘I’ with subscripts represents the light intensity, and the arrows on the 
rays represent the direction of the light transmission. Based on optical and geometry theories, 
the absorption (ܣ), transmittance (ܶ) and reflectance (ܴ) for a single fibre were obtained from 
this single fibre model .   
 
Figure 3- 5: Optical model for a single fibre. 
The light transmission process was divided into three stages. In the first stage, incident light 
(labelled ܫ଴) was vertical downward and the ray of light passed from air into the fibre. Part of 
the light may be reflected back to air (ܫோ); while the other fraction of light penetrated into the 
fibre, where refraction occurred (ߠଵ, ߮ଵwere incidence and refractive angles, and ݊ଵ, ݊ଶ were 
refractive indexes of air and fibre, respectively). In the second stage, light travelled into the 
[CHAPTER THREE] 
41 
fibre and part of the light followed the path AB, and the energy of light was transformed from 
ܫ௭  to ܫ௭ᇱ ; following this, the light may be reflected several times (݆ times) inside the fibre 
(ܫோଶǡ ܫோଷ ڮ ܫோ௝ ). In the third stage, the light exited the fibre. ଵܶ  was the light transmittance 
through this fibre, where refraction reoccurred. 
Light is described by electric and magnetic field vectors, and these two field vectors vibrate in 
a perpendicular direction to the path of the light [286]. Considering both parallel and 
perpendicular directions, Fresnel’s formula [286] was used in this model:  
ߩ ൌ ூೃூబ ൌ
ఘצାఘ఼
ଶ ൌ
ଵ
ଶ ቂ
ୱ୧୬మሺఏିఝሻ
ୱ୧୬మሺఏାఝሻ ൅
୲ୟ୬మሺఏିఝሻ
୲ୟ୬మሺఏାఝሻቃ                               Eq.3- 2 
where, ߩ is the reflectance, ܫ଴ is the incident light intensity, ܫோ is the reflected light intensity at 
the point on the upper surface of the fibre, ߩצ and ߩୄare the component of reflectance parallel 
and perpendicular to the plane of incidence, ߠ is the incidence angle, ߮ ൌ ሺୱ୧୬ఏ௠ ሻ is the 
refraction angle, ݉ is the ratio of the two media refractive indexes, ݉ ൌ ௡మ௡భ.  
When the incident rays struck a fibre, the points where the light rays first met the upper surface 
of the fibre would vary from Ȃ ݎ to ݎ,ݎ being the fibre radius (mm), and provided a convenient 
means of varying the angle of incidence from 0 to గଶ. Therefore, by integrating ݀ݔ from Ȃ ݎ to 
ݎ, and then transforming the integral variable into varying incidence angle from 0 to గଶ, the 
value of the surface reflectance ܴ was calculated as: 
ܴ ൌ ׬ ఘௗ ݔ
௥
ି௥ ൌ ׬
ଵ
ଶ ቂ
ୱ୧୬మሺఏିఝሻ
ୱ୧୬మሺఏାఝሻ ൅
୲ୟ୬మሺఏିఝሻ
୲ୟ୬మሺఏାఝሻቃ
ഏ
మ଴ ή  ߠ ߠ                Eq.3- 3 
where,ܴ is the reflectance from the interface between the fibre and the surrounding air, ߩ is 
the reflectance, ݀ is the fibre diameter, ݔ is the distance between the vertical axis through the 
fibre centre (x axis) and the point where light rays first meet the upper surface of the fibre (point 
ܣ), thus ݔ ൌ ݎ ή  ߠ, and then ݔ ൌ ݎ ή  ߠ ή ߠ. Eq.3- 3 differs from that used by Broadbent 
and Motamedian [254] in that to obtain the overall surface reflectance of a single fibre by 
integrating ݀ݔ from Ȃ ݎ to ݎ rather than calculating for each value of  ߠ (0 to 0.995 with a 
0.005 interval). The aim of this was to consider the change of the angle of incidence, which 
was relative to the curve of the fibre surface.  
[CHAPTER THREE] 
42 
The equation from Bouguer-Lambert law [270] can be used to calculate the transmittance of a 
ray for a single pass through a fibre [287, p.339]: 
ܫ் ൌ ܫ଴ ሺെߙ݈ሻ                                                              Eq.3- 4 
where, ܫ் is the transmitted light intensity, ܫ଴ is incident light intensity (assuming ܫ଴ ൌ ͳ), ݈ is 
the thickness of material through which the light ray travels, and ߙ is the absorption coefficient, 
which can be obtained from the test results (in the experimental section). In this case, the unit 
of thickness and fibre diameter was mm in the numerical calculation. The parameter ‘ܽ’ is 
defined as the transmittance at unit thickness (mm), which is named the transmittance index. 
This parameter depends on the materials and the chemical components, and it can reveal the 
extent of light transmittance. ܽ א ൫Ͳǡ ͳ൯. It is a wavelength-dependent parameter, and can be 
calculated with thickness ݈ ൌ ͳ mm, thus ܽ ൌ ሺെߙሻ. ܽ was involved in the calculation for 
the internal transmittance.  
The internal transmittance through a circle (a single fibre cross section) passing the light path 
of AB was calculated, by integrating ݀ݔ from Ȃ ݎ to ݎ , and then transforming the integral 
variable into varying incidence angle from 0 to గଶ. The transmittance was: 
݁ ൌ ׬ ௔ȁಲಳȁௗ ݔ
௥
ି௥ ൌ ʹ׬
௔ȁಲಳȁή௥ήୡ୭ୱఏ
ௗ ߠ
ഏ
మ଴ ൌ ׬ ܽௗ ୡ୭ୱቂୟ୰ୡୱ୧୬ቀ
౩౟౤ഇ
೘ ቁቃ
ഏ
మ଴ ή  ߠ ߠ      Eq.3- 5 
where, ݁ is the transmittance of a ray for a single pass through the fibre, ܽ is the transmittance 
index, ݎ is the fibre radius,and ݀ is the fibre diameter (mm). Alsoݔ ൌ ݎ ή  ߠ ή ߠ. Here, 
ȁܣܤȁ ൌ ݀ ή  ߮ , which is the distance between the point where the light ray first meets the 
upper surface of the fibre point (point A) and the point of the light exiting out of the fibre (point 
B). The actual fibre diameter was used as an independent parameter in the model (Eq.3- 5), 
which is different from Allen and Goldfinger’s study [230] in the use of fibre diameter (they 
used a unit radius).   
According to Allen and Goldfinger’s works [230], considering ݆ times internal transmissions, 
refractions and internal reflections of an initial ray with intensity ܫ଴, there was: 
ூ
ூబ ൌ ܴ ൅ ሺͳ െ ܴሻ
ଶ൫݁ ൅ ݁ଶܴ ൅ ݁ଷܴଶ ൅ڮ൅ ݁௝ܴ௝ିଵ൯                      Eq.3- 6 
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where, ܫ is the total light intensity leaving the fibre in all directions, after the initial reflection 
from the surface and ݆ repeated transmissions, refractions, and internal reflections of an initial 
ray with intensity ܫ଴. Note that the ܴ from Eq.3- 3 was calculated by integrating the incidence 
angle from 0 to గଶ, thus the value included both reflected light in the upward (when incidence 
angle was from 0 to గସ) and downward (when incidence angle was from 
గ
ସ to 
గ
ଶ) directions. These 
directions were divided by Allen and Goldfinger in their work [230]. They assumed reflectance 
for the light exiting the fibre in upward directions, and transmittance for the light travelling in 
downward directions. The aim was to calculate the value of ܭ (ܭ equals to the ratio between 
the ‘downward’ and ‘upward’ flux). In this paper, ܴ௧௢௧௔௟ was set to equal ܴ (ܴ was obtained 
from Eq.3- 3). ܴ௧௢௧௔௟  was the total reflectance, which represented the overall fractional 
reflectance from the fibre surface, including the reflected lights in all directions. The total 
transmittance was assumed as:  
௧ܶ௢௧௔௟ ൌ ሺͳ െ ܴሻଶ൫݁ ൅ ݁ଶܴ ൅ ݁ଷܴଶ ൅ ڮ൅ ݁௝ܴ௝ିଵ൯                    Eq.3- 7 
where, ܴ and ݁ were calculated separately using the Matlab® software (Math Works Inc., 
USA). ௧ܶ௢௧௔௟ represents the overall fractional transmittance for a single fibre, and it includes 
the total emergent light leaving the fibre after internal transmissions, refractions and reflections. 
The total absorption ܣ௧௢௧௔௟ was given by Allen and Goldfinger [230] as: 
ܣ௧௢௧௔௟ ൌ ሺͳ െ ܴሻሺͳ െ ݁ሻ൫ͳ ൅ ܴ݁ ൅ ݁ଶܴଶ ൅ ڮ൅ ݁௝ିଵܴ௝ିଵ൯ ൌ
ሺͳ െ ܴሻሺͳ െ ݁ሻ
ͳ െ ܴ݁  
൫݆ ՜ λ൯   Eq.3- 8 
Here was ܣ௧௢௧௔௟ ൅ ௧ܶ௢௧௔௟ ൅ ܴ௧௢௧௔௟ ൌ ܫ଴ (ܫ଴ was set to equal 1), which followed the law of 
energy conservation of the initial light. The settings for ௧ܶ௢௧௔௟ and ܴ௧௢௧௔௟ had no effect on the 
numerical summation of ௧ܶ௢௧௔௟ and ܴ௧௢௧௔௟ , thus it did not affect the calculation of the final 
results of absorption, which will be used for doing the comparison with experimental results of 
absorption. Therefore, the settings for ௧ܶ௢௧௔௟ and ܴ௧௢௧௔௟ could be acceptable. 
After computation, with a packet of light being internally reflected more than ten times (݆ ൐
ͳͲ ), the amount of energy reflected or transmitted was so low that it could be ignored. 
Therefore, this single fibre model had considered light rays undergoing up to ten internal 
reflections inside a fibre. 
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3.4.2 Optical model for a single fibre with different shapes 
An optical model for a single fibre with any shape was developed to simulate the process of 
the light passing through the fibre cross section (Figure 3- 6). The fibre was assumed as a 
column and its cross-sectional shape was convex. The fibre crimp was not considered in the 
assumption, since the model was set as two-dimensional cross-section plane, and the fibre 
crimp has limited effect on the fibre cross-sectional shapes . 
 
Figure 3- 6: Optical model for single fibre of any shape. 
3.4.2.1 Optical part 
In Figure 3- 6, in the plane of the incident light ray meeting the upper surface of a fibre, the 
vertical and horizontal axes of the fibre cross section are y and x axes. x axis is supposed to be 
located through two points, between the maximum distance (ʹݎ), in which there are all the 
points of the incident light rays first meeting the upper surface of the fibre. ݎ is the positive x-
intercept of the fibre cross-sectional shape (ݎ is fibre radius for circular shape). The origin ܱ is 
located in the middle point of the maximum distances both in x axis and y axis directions. This 
plane is perpendicular to the z axis, and z axis is the fibre axis, which is parallel to the fibre 
length direction.  
It was assumed that all the incident rays were parallel to the y axis [244]. The light became 
totally diffuse as soon as it has entered the fibre layer [285]. In Figure 3- 6, all letter ‘ܫ’ with 
subscripts represents the light intensity, and the arrows on the rays represent the direction of 
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the light transmission. Based on optical and geometry theory, the absorption (ܣ), transmittance 
(ܶ) and reflectance (ܴ) for a single fibre were obtained from this single fibre shape model.   
Since the fibre is anisotropic, double refraction occurs when an incident light passes through 
the fibre, where one refractive light is ordinary light, and the other is extraordinary light [287]. 
This study focused on the part of ordinary light (which follows refraction law), and the 
refractive indexes of fibres within the ordinary light were used in the model calculation.  
In Figure 3- 6, in the plane of incidence (x-y plane), the expression for the shape above x axis 
is 	ሺݔሻ, and below x axis is Ȱሺݔሻ. Together, 	ሺݔሻ and Ȱሺݔሻ represent the whole fibre cross-
sectional shape (here 	ሺݔሻ is completely unrelated to the ܨሺܴሻ in Eq.3- 1). O is the midpoint 
of the fibre on the x axis, and the fibre crosses the x axis from –r to r.  
It was assumed that incident light (ܫ଴) passed vertically down from air to the fibre-air interface, 
the light was reflected back to air (ܫோ) and refractive light ܫ௭ penetrated the path (AB) and was 
transformed to ܫ௭ᇱ. Then, ܫ௭ᇱ was refracted again and transformed to ଵܶ when the light was 
exiting the fibre, and ଵܶ was the light transmittance through this fibre. The other fraction of 
light may be reflected several times inside the fibre (ܫோଶǡ ܫோଷ ڮ ܫோ௝). Here, ߠ, ߮ were incidence 
and refractive angles, and ݊ଵ, ݊ଶ were refractive indexes of air and fibre, respectively.  
Based on Fresnel’s formulas [286], both parallel and perpendicular directions of the light 
vectors (electrical and magnetic field vectors) were considered. When the incident rays struck 
a fibre, the x values of the points where light rays first met the upper surface of the fibre varied 
from Ȃ ݎ to ݎ. Therefore, by integrating ݀ݔ from Ȃ ݎ toݎ, the value of the surface reflectance ܴ 
was calculated as: 
ܴ ൌ ׬ ఘଶ௥
௥
ି௥ ݔ ൌ ׬
ଵ
ସ௥ ቂ
ୱ୧୬మሺఏିఝሻ
ୱ୧୬మሺఏାఝሻ ൅
୲ୟ୬మሺఏିఝሻ
୲ୟ୬మሺఏାఝሻቃ ݔ
௥
ି௥                           Eq.3- 9 
where, ܴ is the reflectance from the interface between the fibre and the surrounding air, ݎ is 
the positive x-intercept of the fibre cross-sectional shape (ݎ is fibre radius for circular shape). 
ߩ ൌ ఘצାఘ఼ଶ ൌ
ூೃ
ூబ ൌ
ଵ
ଶ ቂ
ୱ୧୬మሺఏିఝሻ
ୱ୧୬మሺఏାఝሻ ൅
୲ୟ୬మሺఏିఝሻ
୲ୟ୬మሺఏାఝሻቃ  [286], ߩ  is the reflectance, ߩצ  and ߩୄ are the 
component of reflectance parallel and perpendicular to the plane of incidence, ܫ଴ is the incident 
light intensity, ܫோ is the reflection light intensity at the point on the upper surface of the fibre. 
ߠ is the incidence angle, ߮ ൌ ሺୱ୧୬ఏ௠ ሻ is the refraction angle, ݉ is the ratio of the two 
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media refractive indexes, ݉ ൌ ௡మ௡భ , and ݊ଵ , ݊ଶ are refractive indexes of the air and fibre, 
respectively.The angle of incidence is varying from 0 to గଶ, depending on the edge of the fibre 
curve. The relationship among ߠ, ߮ and ݔ has been presented in the following paragraphs in 
the geometry section.  
Similarly with optical model for a single fibre, the defined parameter, which was named the 
transmittance index a, was involved in the calculation. ܽ can be obtained from the test results 
(in the experimental section). 
The internal transmittance through the fibre cross section passing the light path of AB was 
calculated, by integrating ݀ݔ from Ȃ ݎ to ݎ. The transmittance was: 
݁ ൌ ׬ ௔ȁಲಳȁଶ௥ ݔ
௥
ି௥                                                             Eq.3- 10 
where, ݁  is the transmittance of a ray for a single pass through the fibre, and ܽ  is the 
transmittance index. Here, ȁܣܤȁ is the distance between the point where light ray first meets 
the upper surface of the fibre (pointܣሺݔଵǡ ݕଵሻ) and the point of the light exiting the fibre 
(pointܤሺݔଶǡ ݕଶሻ), and the calculation of ȁܣܤȁ will be shown in the geometry part.   
If considering ݆ times internal reflections and transmittances, the reflectance at the ݆௧௛ times 
was calculated follow the formula as below: 
௝ܴ ൌ ׬ ଵସ௥ ൤
ୱ୧୬మ൫ఏೕିఝೕ൯
ୱ୧୬మ൫ఏೕାఝೕ൯ ൅
୲ୟ୬మ൫ఏೕିఝೕ൯
୲ୟ୬మ൫ఏೕାఝೕ൯൨
௥
ି௥ ݔ                                    Eq.3- 11 
where, ௝ܴ is the reflectance at the ݆௧௛ times, ߠ௝ǡ ߮௝ are the incidence and refraction angles at the 
݆௧௛ times, and the relationship among ߠ௝, ߮௝and ݔ will be shown in the geometry section. The 
internal transmittance at the ݆௧௛ times was: 
 ௝݁ ൌ ׬ ௔
ȁಾಿȁ
ଶ௥
௥
ି௥ ݔ                                                             Eq.3- 12 
where, ȁܯܰȁ is the distance between any two point on the curve of the fibre cross-section, and 
its calculation formula will be shown in the geometry section. 
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Based on Allen and Goldfinger’s works [230], after ݆ times internal transmissions, refractions 
and internal reflections of an initial ray with intensity ܫ଴, the total transmittance and absorption 
were approximately obtained as: 
௧ܶ௢௧௔௟ ൌ ሺͳ െ ܴଵሻ ή ሺͳ െ ܴଶሻ ή ሺ݁ଵ ൅ ݁ଵ݁ଶܴଵ ൅ ݁ଵ݁ଶ݁ଷܴଵܴଶ ൅ ڮ൅ ݁ଵ ή ݁ଶ ڮ ௝݁ ή ܴଵ ή
ܴଶ ڮ ௝ܴିଵሻ                                                                                                                          
Eq.3- 13 
ܣ௧௢௧௔௟ ൌ ሺͳ െ ܴଵሻ ή ሺͳ െ ݁ଵሻ ή ൫ͳ ൅ ݁ଵܴଵ ൅ ݁ଵ݁ଶܴଵܴଶ ൅ڮ൅ ݁ଵ ή ݁ଶ ڮ ௝݁ିଵ ή ܴଵ ή ܴଶ ڮ ௝ܴିଵ൯  
Eq.3- 14 
where, ௧ܶ௢௧௔௟  and ܣ௧௢௧௔௟  are the total transmittance and absorption, respectively.  ௧ܶ௢௧௔௟ 
represents the overall fractional transmittance for a single fibre, and it includes the total 
emergent lights leaving the fibre after internal transmissions, refractions and reflections. In this 
study, total reflectance ܴ௧௢௧௔௟ is set to equal ܴ (ܴ was obtained from Eq.3- 9). ܴ௧௢௧௔௟ represents 
the overall fractional reflectance from the fibre surface, including the reflected lights in all 
directions.  
௝ܴ and ௝݁ were calculated separately by Matlab® software (Math Works Inc., USA). For a 
circular shape of fibre cross-section in previous studies, the values of ௝ܴ were the same at each 
time of internal reflections (ܴଵ ൌ ܴଶ ڮ ൌ ௝ܴ) and the values of ௝݁ were also the same (݁ଵ ൌ
݁ଶ ڮ ൌ ௝݁ ). While, for other fibre cross-sectional shapes, ௝ܴ  and ௝݁  were difficult for 
calculation, since the values of these two terms changed with varying the curve of the fibre 
surface. After computation, with a packet of light being internally reflected more than ten times 
(݆ ൐ ͳͲ), the amount of energy reflected or transmitted was so low that it could be disregarded. 
Therefore, this single fibre model considered light rays undergoing up to ten internal reflections 
inside a fibre.  
3.4.2.2 Geometry part 
In Figure 3- 6, according to the geometrical relationship, the intersection point between 
incidence light and 	ሺݔሻ is ܣሺݔଵǡ ݕଵሻ, and the point of incident light meeting the fibre is A. 
Angle ߠ equals to the included angle between x axis and the tangential line that touches the 
curve of 	ሺݔሻ at the point of A. There was a relationship equation that the value of  ߠ equals 
to the derivative of curve 	ሺݔሻ at the point ܣሺݔଵǡ ݕଵሻ:
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ߠ ൌ  	ᇱሺݔଵሻ, and ߮ ൌ  ୱ୧୬ఏ௠ 
ୱ୧୬ൣୟ୰ୡ୲ୟ୬୊ᇲሺ௫భሻ൧
௠                Eq.3- 15 
where, ߠǡ ɔ are incidence and refractive angles, ݉ is ratio of refractive indexes (݉ ൌ ௡మ௡భ), and 
݊ଵ, ݊ଶ are refractive indexes of the air and fibre, respectively.	ᇱሺݔଵሻ is the derivative of curve 
	ሺݔሻ at the point ܣሺݔଵǡ ݕଵሻ, when ݔ ൌ ݔଵ. 
The intersection point between line AB and curve Ȱሺݔሻ is ܤሺݔଶǡ ݕଶሻ, so there was  
Ȱሺݔଶሻ െ 	ሺݔଵሻ ൌ ߚ ή  ሺݔଶ െ ݔଵሻ ൌ ሺ߮ െ ߠሻ ήሺݔଶ െ ݔଵሻ,  
here ߚ ൌ గଶ ൅ ሺߠ െ ߮ሻ      Eq.3- 16 
Line AB is connecting two points ܣሺݔଵǡ ݕଵሻ  and ܤሺݔଶǡ ݕଶሻ , and the distance of ȁܣܤȁwas 
calculated and simplified as: 
ȁܣܤȁ ൌ ඥሺݔଶ െ ݔଵሻଶ ൅ ሾȰሺݔଶሻ െ 	ሺݔଵሻሿଶ ൌ  ȁ௫మି௫భȁୱ୧୬ሺఏିఝሻ                         Eq.3- 17 
The first internal transmittance was calculated, using the simultaneous equations as: 
ቐ݁ଵ ൌ ׬ ௔
ȁಲಳȁ
ଶ௥ ݔ
௥
ି௥ ൌ ׬
௔
ȁೣమషೣభȁ౩౟౤ሺഇషകሻ
ଶ௥ ݔ
௥
ି௥ 
Ȱሺݔଶሻ െ 	ሺݔଵሻ ൌ ሺ߮ െ ߠሻ ήሺݔଶ െ ݔଵሻ
   Eq.3- 18 
In the same way, the angles ߠᇱ and ߮ᇱ for the refractive process that the light exited out of the 
fibre to air was calculated as:  
ߠᇱ ൌ  ௞஍ᇲሺ௫మሻାଵ஍ᇲሺ௫మሻି௞ , and ߮
ᇱ ൌ  ୱ୧୬ఏᇲ௠                             Eq.3- 19 
where, ݇ is the slope of line AB, ݇ ൌ ௬మି௬భ௫మି௫భ, and the slope of the tangential line that touches the 
curve of Ȱሺݔሻ at the point of B is ݇௧௔௡ ൌ Ȱᇱሺݔଶሻ, so the slope of the perpendicular line of it is 
݇௣௘௥ ൌ ଵ஍ᇲሺ௫మሻ. 
After ݆௧௛ times of internal reflection and transmittance, line MN is connecting two points 
ܯሺݔ௝ǡ ݕ௝ሻ and ܰሺݔ௝ାଵǡ ݕ௝ାଵሻ, and the distance was: 
ȁܯܰȁ ൌ ට൫ݔ௝ାଵ െ ݔ௝൯ଶ ൅ ൣȰ൫ݔ௝ାଵ൯ െ 	൫ݔ௝൯൧ଶ ൌ  ห௫ೕశభି௫ೕหୱ୧୬൫ఏೕିఝೕ൯         Eq.3- 20 
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ߠ௝ ൌ  ௞஍
ᇲ൫௫ೕ൯ାଵ
஍ᇲ൫௫ೕ൯ି௞ , or ߠ௝ ൌ 
௞ ୊ᇲ൫௫ೕ൯ାଵ
୊ᇲ൫௫ೕ൯ି௞  
here, ݇ ൌ ௬ೕశభି௬ೕ௫ೕశభି௫ೕ, and ߮௝ ൌ 
ୱ୧୬ఏೕ
௠                                Eq.3- 21 
The relationship between ݔ௝ାଵand ݔ௝ was: 
Ȱ൫ݔ௝ାଵ൯ െ 	൫ݔ௝൯ ൌ ሺ߮௝ െ ߠ௝ሻ ήሺݔ௝ାଵ െ ݔ௝ሻ,  
or 	൫ݔ௝ାଵ൯ െ Ȱ൫ݔ௝൯ ൌ ൫߮௝ െ ߠ௝൯ ή൫ݔ௝ାଵ െ ݔ௝൯                         Eq.3- 22 
Therefore, the internal transmittance was calculated, using the simultaneous equations (like 
Eq.3- 18) for after any times (݆௧௛ times) of internal reflections and transmittances. 
3.4.3 Fixed mass fibres model 
The fixed mass fibres model simulated the interaction between the UV light and a bundle of 
fibres (Figure 3- 7), and it was used to calculate the light reflectance, transmittance and 
absorption through those fibre arrays with a constant mass of fibres. The assumptions of this 
model are: 
 
Figure 3- 7: Optical model for a bundle of fibres with a fixed mass (two-dimensional view). 
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1) The fibre material consists of a bundle of fibres with a fixed mass. Keeping the mass of 
fibres constant is important when examining the light penetration and absorption 
properties of textiles.  
2) Since most spun fibres are anisotropic, double refraction will occur when an incident 
light penetrates from air into a fibre. One refractive light is ordinary light that follows 
refraction law. The other one is extraordinary light, where the refractive ray is not inside 
the incidence surface [287, p.335]. The part of ordinary light was discussed in this 
model, and the refractive indexes of fibres within the ordinary light were used in the 
model calculation. 
3) All fibres are cylinders within one fibre type, having the same fibre diameter, length, 
colour and optical property [230, 245]. The adjoining surfaces of the fibre layers are 
planar and parallel [226], so that there were no boundary effects in the x axis direction. 
The surface reflection on the first layer of the fibres was considered.  
4) These fibres are arranged in a regular parallel to the horizontal orientation [244]. 
Although real yarns differ from this idealised structure or other models (such as open-
packed yarn model [288]), modelling work is more suitable to deal with some problems 
than empirical study. For example, a large number of variables and the interactions of 
these variables all could affect the final results by the experimental methods [289]. This 
assumption was based on the findings of experiments (see experimental section). Under 
the same fibre density (fibre volume percentage), there was no significant difference 
(P<0.05) in UV absorption among the fibre array with different packing orientations. 
Therefore, the fibre array was assumed to be with a regular arrangement for simplifying 
the problem in the model. 
5) There were ܿ fibre layers, and ݅ was the count of the layers. Two adjacent fibres were 
tangential in each layer and the distance between two adjacent layers of fibres was ݄. 
A light ray can be reflected ݊  times in one layer. Since the fibre is optically 
homogeneous and cylindrical, each transmitted and internally reflected ray has the same 
angle of refraction and the same internal path length [244]. 
6) These cylinders were uniform, with an even distribution. The fibres were placed with 
the staggered arrangement (the fibres in the underlying layer covered the gaps of fibres 
in the upper layer). The fibres in each layer joined together as a whole. Light initially 
reflected downward from the fibre surface was assumed not to interact with the adjacent 
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fibre in the same layer [244]. Hence, it was assumed that the optical property of every 
point in one layer was the same as that of every single fibre (Figure 3- 7).   
7) Although fibres have various fibre length, this model simplified the study as a two-
dimensional optical process only at the fibre cross-sections. Therefore, the effect of 
fibre length with respect to the packing density was represented by the porosity for a 
bundle of fibres.    
For every whole layer, the underlying layers reflected the light and these reflected rays 
penetrated from the first layer to the air. Thus, the reflectance for 1ĺ0 (from the first fibre 
layer to the surrounding air) was:  
ܴଵ՜଴ ൌ ܴ                                                                   Eq.3- 23 
The reflectance for 2ĺ0 (from the second fibre layer to the air) was: 
ܴଶ՜଴ ൌ ሺܴଵ ൅ ܴଷ ൅ڮ൅ ܴଶ௡ିଵሻ ή ݐଶ                                          Eq.3- 24 
The reflectance for cĺ0 (from the ܿ௧௛ layer to the air) was: 
ܴ௖՜଴ ൌ ሺܴଵ ൅ ܴଷ ൅ڮ൅ ܴଶ௡ିଵሻ ή ݐଶሺ௖ିଵሻ                                  Eq.3- 25 
Reflectance for all fibre layers (summation from 1ĺ0 to cĺ0) was: 
ܴ௔௟௟ ൌ ܴଵ՜଴ ൅ ܴଶ՜଴ ൅ ڮ൅ ܴ௖՜଴ ൌ ܴ ൅ ோଵିோమ ൈ
௧మൣଵି௧మሺ೎షభሻ൧
ଵି௧మ (݊ ՜ λሻ Eq.3- 26 
where, ܴ is reflectance, and ݐ is transmittance of each time (here ݐ ൌ ௧ܶ௢௧௔௟ from single fibre 
model). 
In the same way, transmittance for all fibre layers was obtained: 
௔ܶ௟௟ ൌ ሺܿ െ ͳሻ ή ݐ௖ ή ோଵିோమ ൅ ݐ௖ሺ݊ ՜ λሻ                         Eq.3- 27 
According to the energy conservation law of the light intensity, the final absorption for these ܿ 
layers of fiber was given as: 
ܣ௔௟௟ ൌ ͳ െ ܴ௔௟௟ െ ௔ܶ௟௟                                               Eq.3- 28 
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For comparison with experimental results, when ௔ܶ௟௟ ൏ ͲǤͳ, the value of ௔ܶ௟௟ was ignored for 
the calculation (ܣ௔௟௟ ൌ ͳ െ ܴ௔௟௟ ). Based on the ideas from Broadbent and Motamedian’s 
studies [244, 245, 254], this study treated the calculations for the transmittance and reflectance 
of the light rays through the array of fibre layers (using Eq.3- 23 to Eq.3- 28) in a somewhat 
different manner. The undyed fibres were assumed to be fully transparent to visible light by 
Broadbent et al.[254], in order to focus on the colour depth for dyed filaments. While in this 
research, undyed fibres were investigated for understanding the light penetration and 
absorption properties. Therefore, in this model, both transmittance and reflection were taken 
into the cumulative multiplication when considering the effect of each added layer. This has 
practical importance for the design of the UV protective textiles.  
3.4.3.1 Porosity for a fixed mass of fibres
Porosity determines the volume percentage of fibre and air in the bundle of fibres with a fixed 
mass. In accordance with the experimental condition, that fibres with a fixed mass were placed 
into a cylindrical container, the parameters of the container were involved in the model 
calculation. The container was used to keep the volume constant, and hence mass per unit 
volume constant, for each of the samples. As the distance between two fibre layers (݄) was 
considered (Figure 3- 7), it was assumed that air made up the space that was not occupied by 
fibres. The air space in this assumption also included the space between two fibres in each layer, 
except the point of tangency between two fibre cross-sections. In addition, the effect of fibre 
length with respect to the packing density was also represented by the porosity for a bundle of 
fibres. Instead of ݄, the porosity (ߝΨ) was taken in the calculation, and was given as:   
ߝΨ ൌ ௏ೌ೔ೝ௏೎೚೙೟ೌ೔೙೐ೝ ൈ ͳͲͲΨ                                             Eq.3- 29 
Thus, fibre volume percentage (fibre%) equalled to (ͳͲͲ െ ߝሻΨ.  
Following the conservation of mass and volume, there were two equations: ߜ௔௜௥ ή ௔ܸ௜௥ ൅
ߜ௙௜௕௥௘ ή ௙ܸ௜௕௥௘ ൌ ܯ௔௟௟  and ௔ܸ௜௥ ൅ ௙ܸ௜௕௥௘ ൌ ௖ܸ௢௡௧௔௜௡௘௥ . Therefore, the volumes of air was 
calculated as: 
௔ܸ௜௥ ൌ ఋ೑೔್ೝ೐ή௏೎೚೙೟ೌ೔೙೐ೝିெೌ೗೗ఋ೑೔್ೝ೐ିఋೌ೔ೝ                                            Eq.3- 30 
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where, ୟ୧୰and ୡ୭୬୲ୟ୧୬ୣ୰ are the volumes of air and container (cm3). Here was ୡ୭୬୲ୟ୧୬ୣ୰ ൌ
ߨܴ௖ଶ ή ܪ௖ , whereܴ௖  and ܪ௖  are the radius and height of the container (cm). ߜ௔௜௥ and ߜ௙௜௕௥௘ 
used are the specific gravities of air and fibre (g/cm3). ܯ௔௟௟ is the mass of a bundle of fibres (g). 
The fibre volume percentage of these six types of fibres were calculated and showed in Table 
3- 5. 
Table 3- 5: The fibre volume percentage of these six types of fibres. 
Cotton Polyester Wool Nylon66 Bamboo viscose eri silk 
9.5% 10.3% 11% 12.6% 10.7% 11.04% 
 
3.4.3.2 ࢉ fibre layers in a certain mass of fibres array 
Since different fibre diameter leads to different mass and volume per single fibre, the number 
of fibre layers (ࢉ) will vary for a fixed mass of fibres with varying diameter; after simplification, 
there were: 
ܿ ൌ ு೎ା௛௛ାௗ                                                                 Eq.3- 31 
݄ ൌ గήௗସሺଵିఌΨሻ െ ݀                                                       Eq.3- 32 
where, ܪ௖ is the height of container (=10 mm), ݀ is the diameter of a single fibre, and ߝΨ is 
the porosity. Here, ݀is fibre diameter for the circular shape, and for other shapes, there is ݀ ൌ
ʹݎ. 
3.4.3.3 Wavelength for the model calculation 
Most UVA (315 nm–400 nm) and some UVB (280 nm–315 nm) from sunlight can reach the 
surface of the earth. In this work, any value of the wavelength in the UV-Visible region can be 
used in the model calculation by changing corresponding transmittance index. However, it is 
time consuming and a huge number of data would be generated. Therefore, one single 
wavelength of 350 nm, which is in the UVA range, was chosen as an example for presenting 
the calculated results and the comparison of UV absorption between predicted and measured 
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results, in order to discuss the performance of the model. For further verification of the model, 
three more wavelengths (300 nm, 325 nm, and 375 nm) were used in the model calculation. 
3.5 Results and discussion 
3.5.1 Parameters for the experiment design and model calculation 
From Section 3.3.1, the thickness of samples had been confirmed as 4.60 mm. In this study 10 
mm, which was the height of the container, met the requirements of the term infinite thickness 
to obtain the limiting reflectance. Also, the arrangement of the fibre array for the model 
(assumption (4)) had been confirmed, when the thickness (4.60 mm) and the fibre mass were 
kept constant. According to the results of statistical analysis (Section 3.4.1), for both wool and 
polyester fibres, under the same fibre density (the mass per volume), the packing orientation 
had no significant effect (P<0.05) on the results of UV absorption of the fibres. 
Figure 3- 8 is the SEM image showing the cross sections of the packed polyester fibres. 
Although the actual fibre array is not packed perfectly as the ideal fibre alignment in the model, 
the fibre array was assumed to be with a regular arrangement for simplifying the problem. This 
is because the packing orientation had no significant effect on the UV absorption of a bundle 
of fibres with a large enough thickness, when fibre type and fibre density were constant.  
 
Figure 3- 8: SEM image for the cross section of the polyester fibre array. 
To obtain the transmittance index for the model calculation, samples with a fixed thickness of 
4.60 mm were measured for the transmittance tests in this study. The transmittance index at 
the wavelength of 350 nm was calculated using the test results of transmittance (small values). 
The transmittance indexes at the wavelength of 350 nm for cotton, polyester, wool, Nylon66, 
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bamboo viscose, silk fibres were calculated to be 0.995, 0.990, 0.800, 0.895, 0.835, and 0.885, 
respectively.  
3.5.2 Single fibre model---fixed mass fibres model 
3.5.2.1 Comparison of UV absorption between calculated and measured results 
 
Figure 3- 9: UV absorption of calculated and measured results for wool fibres with different fibre 
diameter at the wavelength of 350 nm. 
Figure 3- 9 shows the comparison between calculated (predicted) and measured (actual) results 
of UV absorption [ܨሺܴሻஶ], for wool fibres with different fibre diameters. Wool fibres are made 
from a protein structure, keratin [276], with many chromophores, such as aromatic amino acid 
residues that can absorb UV light. It illustrated that the models had a good agreement with the 
test results of the value of UV absorption at 350 nm wavelength. The predicted and 
experimental results of the quantized values had the same trend: when the mass of fibres was 
kept constant, the coarser fibres (here, ݀ ൏ ͷͲ ȝm) provided higher UV absorption and lower 
reflectance. Since the thickness was large enough to prevent light from passing through fibres 
in the experiment, the transmittance had no impact, and the UV absorption was equal to (ͳ െ
). When the mass per volume was constant, due to the increase of the diameter, the 
number of fibres placed in the first layer was decreased and the available reflective area of fibre 
bundle was decreased. The UV reflectance of fibres reduced with increasing fibre diameter.  
The results also showed a discrepancy between the predicted and test results. One reason may 
be the diameter variation within the wool fibres. The diameter used in the model was the mean 
fibre diameter measured by OFDA. No.1, 2 and 6 wool fibre samples were out of the trend. 
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This may be because of variations in the colours of these wool fibres. The wool fibre samples 
in these tests displayed a difference in colour. Samples 1, 2 and 6 were whiter in colour than 
the rest of the fibres that where beige apart from sample 8 which had a faint yellow colour (it 
had a relatively high yellowness then other samples (Figure 3- 10)).  
 
Figure 3- 10: Yellowness of wool fibre samples. 
Besides fibre diameter and colour, the difference in the crimp of fibres could be another 
characteristic of wool fibres. The crimp of fine wool is normally higher than coarse wool. The 
higher crimp may increase the degree of irregularity of the fine fibres in the fibre array, and a 
relatively uneven fibre distribution could cause the diversity of the fibre density in the different 
small spaces for the sample preparation. However, ten different fibre samples were prepared 
for the tests and the average of results was recorded. Therefore, the diversity of fibre density 
in the fibre samples caused by the crimp of fibres can be reduced by multiple tests. Overall, the 
predicted results from the model were in agreement with the experimental results in the 
quantified values of UV absorption.  
The experimental results showed the UV absorption of fibres decreased with increasing mean 
fibre diameter in the wavelength range of 280 nm–300 nm. This may be because the UV lights 
with the shorter wavelength have stronger energy for penetrating the materials [24]. When the 
fibre mass and fibre density (fibre volume percentage) were constant, the bundle of coarse 
fibres had fewer fibres in each layer and fewer layers for the thickness, so that the stronger UV 
lights can more easily penetrate the air spaces in the bundle of coarse fibres. This resulted in 
the bundle of coarse fibres having less UV absorption than that of finer fibres. Whereas, at the 
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wavelength range of 300 nm–400 nm, both the model prediction and measured results showed 
the UV absorption of fibres increased and the UV reflectance decreased as the mean fibre 
diameter increased. The reason has been explained in above paragraphs, which was the lower 
UV reflectance for the bundle of coarse fibres leading to the higher UV absorption (ൌ ͳ െ
) than the bundle of finer fibres.  
3.5.2.2 Predicted factors influencing UV absorption of a bundle fibres 
Factors of materials were taken into account for the UV absorption study, including fibre 
diameter, porosity (ߝΨ), transmittance index ܽ, and ratio of refractive indexes ݉. A single 
factor was varied each time for the model calculation. The range of fibre diameters from 10 
ȝm to 100 ȝm, fibre volume percentage (ͳͲͲ െ ߝሻΨ from 1% to 90%, ܽ from 0.1 to 1, and ݉ 
from 1 to 2 were computed and have been shown in Figure 3- 11 to Figure 3- 14. 
 
Figure 3- 11: Effect of fibre diameter on UV absorption at the wavelength of 350 nm (૚ െ ࢿΨ ൌ ૚૚Ψǡࢇ ൌ
૙Ǥ ૢǡ࢓ ൌ ૚Ǥ ૞૝). 
ܽ ൌ ͲǤͻ, ߝΨ ൌ ͺͻΨ and a normal ݉ ൌ ͳǤͷͶ were selected at random. It shows that when the 
diameter is less than a certain value, which was obtained as 47 ȝm by calculation, the UV 
absorption is increasing with the increase of fibre diameter. At this range of diameters, with a 
great number of fibre layers in a fixed mass fibre bundle, the UV transmittance (൏ ͲǤͳ) can be 
ignored, due to a large thickness. When the diameter is larger than 47 ȝm, the UV absorption 
reduces with the increase of fibre diameter. This is due to the development of the impact of 
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transmittance caused by the decreasing fibre layers. The trend of results shown in Figure 3- 11 
indicates that UV reflectance decreases as the fibre diameter increases. Because of the larger 
diameter, the number of fibres aligned in one layer is reduced, and the number of layers for the 
fibre array is also reduced, whilst the mass per volume remains constant. This results in reduced 
UV reflectance and increased transmittance. This confirms the similar results in the nanofibre 
research area, where the light reflection from fibre decreased with the increasing diameter of 
polyacrylonitrile nanofibres [248]. 
Overall, the smaller diameter fibres presented lower UV transmittance, and thus provided 
higher UV protection. This suggests that the fabric with a smaller fibre diameter would be 
better for UV protection than coarse fibres, assuming the mass per volume is constant. In 
addition, finer fibres offer superior comfort to coarse fibres. For example, animal fibres with a 
smaller diameter cause less prickle [290, 291].  
 
Figure 3- 12: Effect of porosity (ࢿΨ) on UV absorption at the wavelength of 350 nm (ࢊ ൌ ૛૙ࣆ࢓ǡࢇ ൌ
૙Ǥ ૢǡ࢓ ൌ ૚Ǥ ૞૝). 
Porosity (air volume percentage) for a bundle of fibres can also be used to describe the porosity 
for the fabric. Figure 3- 12 shows that the UV absorption is increased with decreasing porosity, 
and reaches the maximum value when fibre volume percentage (fibre%) is 5% (from the line 
of A%). After that the UV absorption remains constant. UV reflectance also increases with 
increasing fibre%, and then remains constant. When the air was assumed to fill the space 
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between two fibre layers in the model assumption (the total volume of air and fibre was 
constant), the increase of fibre% contributed to the thickness (fibre layers) dramatically. From 
the line of T% in Figure 3- 12, when fibre% is more than 20%, the thickness of fibre array is 
so great that no light can penetrate, and this results in the UV protection reaching the maximum 
value. Here, the thickness of a bundle of fibres was calculated to be 2.56 mm (the thickness 
was calculated as the thickness summation of all the fibre layers).  
Based on this finding, to obtain good UV protection, the fabric should have a high density at 
the surface, with air between the fibre layers. Under this condition, when fibre% is only around 
10–20% (thickness range is 1.30–2.56 mm), the UV protection can be close to the maximum 
value. (The predictive thickness range of 1.30–2.56 mm is for the fibres with the fibre diameter 
of 20 ȝm). This means: if wearers choose a thinner fabric for UV protection, several layers of 
the fabric and the fabric with a higher mass per area are needed; if wearers choose a thicker 
fabric, one layer fabric with a large thickness (>1.30 mm) is needed, and fibre% could be not 
too high (10%–20%).  
This theoretical value for the predictive thickness (1.30–2.56 mm) was calculated as the sum 
of all the fibre layers thickness, and the air was not included in the calculation. The actual 
measured thickness of fabric is obtained with some air between fibre layers, although a pressure 
is applied during the measurement of thickness according to the standard (AS 2001.2.15-1989). 
Therefore, this calculated thickness is smaller than the actual measured thickness of fabric. The 
range for designed thickness needs to be larger than this predictive range. 
Wool fabric was used in the UPF test to verify this predictive thickness range. The mean fibre 
diameter of wool fibres (20.5 ȝm) in this fabric was similar to the value for the model 
calculation (20 ȝm). This fabric was knitted with a common structure of single jersey (1.28 
tex1/2mm-1 of cover factor). The fabric thickness was 0.83 mm, weight per area was 133.27 
g/m2, and fibre% was 21.4%. The fabric thicknesses for 2-layers and 3-layers were measured 
as 1.774 mm and 2.565 mm, which were a little larger than ʹ ൈ 1-layer thickness (1.66 mm) 
and ͵ ൈ1-layer thickness (2.49 mm). After calculation, fibre% values for 2-layers and 3-layers 
fabric were 20% and 20.8%, respectively. The UPF test results showed that the UPF values of 
2-layers and 3-layers fabrics were 56.23 and 189.43 (both were UPF 50+). This indicated when 
the fabric thickness was 1.774 mm (in the predictive range) with fibre% of around 20% (in the 
predictive range), it offered an “Excellent protection” [AS/NZS292] to the wearers. In addition, 
when the thickness is more than the maximum predictive thickness value, and the fibre% is 
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larger than 20% (the maximum predictive value), the fabric can perform an extremely high UV 
protection.  
 
Figure 3- 13: Effect of transmittance index ࢇ (transmittance at unit thickness) on UV absorption at the 
wavelength of 350 nm (ࢊ ൌ ૛૙ࣆ࢓ǡ ૚ െ ࢿΨ ൌ ૚૚Ψǡ࢓ ൌ ૚Ǥ ૞૝). 
The effect of fibre type on UV protective properties of a bundle of fibres was presented by 
three specific variables in the model calculation, including the specific gravity, the refractive 
index and the transmittance index of different fibre types. Figure 3- 13 shows the effect of 
transmittance index on the UV properties of a bundle of fibres. It can be found that the UV 
absorption decreases, while the UV reflectance increases with increasing transmittance index. 
Here, the UV transmittance is ignored due to the small value. It seems that the materials with 
a lower transmittance index (transmittance at unit thickness) can provide a higher UV 
absorption. At the cross-point (ܽ ൌ ͲǤͺͳ͹ͷ ), here was ܴΨ ൌ ܣΨ ൌ ͶͻǤͻͻΨ . This data 
implied that for materials with ܽ ൏ ͲǤͺͳ͹ͷ, its absorption capacity was greater than reflectance, 
assuming transmittance was ignored. 
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Figure 3- 14: Effect of ratio of refractive indexes (࢓) on UV absorption at the wavelength of 350 nm (ࢊ ൌ
૛૙ࣆ࢓ǡ ૚ െ ࢿΨ ൌ ૚૚Ψǡࢇ ൌ ૙Ǥ ૢ). 
Since ݉ ൌ ௡మ௡భ and ݊ଵ ൌ ͳ, ݉ equals to the refractive index of a material. Allen and Goldfinger 
[230] worked on different values of ݉ and reported that reflectance (݉ ൌ ʹ) > reflectance 
(݉ ൌ ͳǤ͸) > reflectance (݉ ൌ ͳǤʹ). Whereas, in this study, the predicted trend with changing 
݉ from 1 to 2 can be observed in Figure 3- 14. When transmittance was larger than 0.1, it 
should be considered, where the UV absorption was calculated by ܣ ൌ ͳ െ ܴ െ ܶ, otherwise, 
ܣ ൌ ͳ െ ܴ. When ݉ ൏ ͳǤ͵, the UV absorption increased markedly with the increasing value 
of ݉ ; and when ݉ ൐ ͳǤ͵ , the UV absorption decreased and then remains constant. For 
materials with a higher refractive index, the UV protection would be higher than materials with 
a lower refractive index. Overall, when ݉ ൐ ͳǤͶ, the transmittance approached close to zero, 
meanwhile both UV absorption and reflectance varied slightly. This means that for materials 
with a refractive index bigger than 1.4, the UV protection is higher than that for materials with 
a lower ݉. Micronized and nano-scale zinc oxide (݉ ൌ ʹ) [293] and titanium dioxide (݉ ൌ
ʹǤ͸) [294] have a relatively high refractive index, and this is one of the reasons why these two 
materials are used as the UV blockers for fabric coating treatment in order to improve the UV 
protection of the fabrics [152, 161].  
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Based on the predictions from the model, the optimised parameters for a material with a higher 
UV protection could be fibre diameter ݀ ൏ Ͷ͹ߤ݉, fibre volume percentage ሺͳͲͲ െ ߝሻΨ ൌ
ͳͲΨʹͲΨ, thickness > 1.14 mm, and refractive index ݉ ൐ ͳǤͶ.  
3.5.2.3 Confirming the prediction 
Since natural fibres have several uncontrollable variables, two types of synthetic fibres were 
also used to confirm the optimised parameters range in this study. Nylon66 fibres (݀ ൌ
ͳͺǤ͵Ͳߤ݉ ,ሺͳͲͲ െ ߝሻΨ ൌ ͳʹǤ͸Ψ , ݉ ൌ ͳǤͷ͵ , ܽ ൌ ͲǤͺͻͷ ) and two polyester fibres (݀ଵ ൌ
ͳͳǤͷͻߤ݉,݀ଶ ൌ ͳ͵Ǥ͵ͷߤ݉ǡ ሺͳͲͲ െ ߝሻΨ ൌ ͳʹǤ͸Ψ,݉ ൌ ͳǤͷ͵,ܽ ൌ ͲǤͺͻͷ) with a fixed mass 
were randomly chosen within the optimised parameter ranges. One polyester filament (݀ଷ ൌ
ͷͺǤͶ͹ߤ݉ǡ ሺͳͲͲ െ ߝሻΨ ൌ ͳʹǤ͸Ψ,݉ ൌ ͳǤͷ͵,ܽ ൌ ͲǤͺͻͷ) was selected out of the optimised 
parameter ranges for the comparison (Figure 3- 15). Polyester fibres, with 58.47 ȝm, had the 
lowest UV absorption compared with those with the optimised parameters. It can be observed 
from Figure 3- 15 that the predicted values were consistent with the actual values of UV 
absorption. Therefore, the prediction from this model can serve as a guide for setting yarn and 
fabric model parameters, which will be beneficial to fabric design. The different fibre shape 
model will discuss the effect of different fibre cross-section shapes in the following sections. 
 
Figure 3- 15: UV absorption of calculated and measured results for the fibres in and out of optimised 
parameter ranges at the wavelength of 350 nm. 
For further confirmation of the model, three more wavelengths (300 nm, 325 nm, 375 nm) and 
corresponding transmittance indexes were involved in the calculation. The predicted results 
calculated from the model using these wavelengths still agreed with the actual measured results. 
Within the measurement range in this study, all the calculated and measured results (at the 
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wavelength of 300 nm, 325 nm, 350 nm, 375 nm) showed that the UV absorption of fibres 
increased and the UV reflectance decreased with increasing mean fibre diameter, when the 
mass of fibres was constant. 
3.5.2.4 Conclusion for single fibre model---fixed mass fibres model 
A fixed fibre mass model of the UV protection for a bundle of fibres has been presented in this 
study. Two independent parameters, fibre type and fibre diameter, were controlled both in the 
model calculation and experimental measurements, which were used to examine their effects 
on UV absorption. When the mass of fibres was kept constant, within the measurement range 
in this study, a fibre bundle consisting of coarser fibres had a lower UV reflectance than that 
with finer ones. This is because with an increasing fibre diameter, the number of fibres aligned 
in one layer is reduced, and the number of layers for the fibre array is also reduced, when the 
mass per volume remains constant. 
The predicted results of UV absorption from the models were consistent with the actual results 
obtained in the experiments. Based on the model predicted factors influencing UV absorption 
of a bundle of fibres, materials with a smaller fibre diameter, lower transmittance index, lower 
porosity, and larger refractive index provide higher UV protection. This model provides 
valuable insight into the factors affecting UV protection of yarn and fabric, and can serve as a 
guide for the design of UV protective fabric.   
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3.5.3 Single fibre model for different shapes---fixed mass fibres model 
3.5.3.1 SEM images of different fibre cross-sections 
 
Figure 3- 16: SEM images of fibre cross-sections (a) cotton, (b) bamboo viscose, (c) wool, (d) eri silk, (e) 
Nylon66, and (f) polyester fibres. 
The cross-sectional shapes of different type fibres are shown in Figure 3- 16. The cotton fibre’s 
cross-section had a lumen, and the fibre had an irregular shape. Here, the cotton fibres were 
approximated as circles and ellipses for the model calculation in this study. Cross-section of 
bamboo viscose fibre was an irregular ellipse, and wool fibre cross-sections were approximated 
to be circles. There were two main shapes for eri silk fibres, triangle and a half ellipse. The 
synthetic fibres (Nylon66 and polyester) had close to circular cross-sectional shapes. 
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There was diversity in shapes for each fibre type, and a large difference in the shapes among 
different fibre types. The shapes of fibre cross-sections play an important role in affecting light 
reflectance, refraction and transmittance during the process of light passing through the single 
fibre. Therefore, it is important to consider the effect of shape in the modelling work (Figure 
3- 17). The dimensions are shown in Table 3- 6. 
 
Figure 3- 17: Different fibre cross-sectional shapes for model calculation. The expressions for the shapes 
are (a) circle: ࡲሺ࢞ሻ ൌ ξ࢘૛ െ ࢞૛ and ઴ሺ࢞ሻ ൌ െξ࢘૛ െ ࢞૛; (b) ellipse :ࡲሺ࢞ሻ ൌ ࢈ࢇξࢇ૛ െ ࢞૛ and ઴ሺ࢞ሻ ൌ
െ࢈ࢇξࢇ૛ െ ࢞૛; (c) triangle: ࡲሺ࢞ሻ ൌ െ
࢈
૛࢘ ࢞ ൅
࢈
૛ and ઴ሺ࢞ሻ ൌ
࢈
૛࢘ ࢞ െ
࢈
૛. In these equations, ࢘ is the positive x-
intercept in the circle and triangle, and ࢇ࢞ǡ ࢈࢟ are the positive x-intercept and y-intercept in the ellipse, 
respectively. Here ࢇ in the expressions is coordinate value in x axis, but not the transmittance index. 
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Table 3- 6: Information of fibres for calculation. 
Circle 
Fibre type Radius* (ȝm) ݎǯ (ȝm) ݉ (݉ ൌ ௡మ௡భ)[287] ߜ (specific gravity) (g/cm
3)[287, 295] 
cotton 
polyester 
wool 
Nylon66 
7.295 
6.675 
9.18 
9.15 
6.71 
6.65 
9.05 
9.10 
1.53 
1.54 
1.54 
1.53 
1.52 
1.39 
1.31 
1.14 
Ellipse 
Fibre type Radius* (ȝm) ܽǯ (ȝm) ܾǯ (ȝm) ݉ (݉ ൌ ௡మ௡భ) ߜ (specific gravity) (g/cm
3) 
cotton 
bamboo 
eri silk+ 
7.295 
10.875 
7.475 
12.06 
18.6 
17.06 
3.06 
5.5 
3.41 
1.53 
1.53 
1.54 
1.52 
1.34 
1.30 
Triangle 
Fibre type Radius* (ȝm) ݎǯ (ȝm) ܾǯ (ȝm) ݉ (݉ ൌ ௡మ௡భ) ߜ (specific gravity) (g/cm
3) 
eri silk 7.475 4.27 4.31 1.54 1.30 
         Notes: 
1. Eri silk+ is an exception that the fibre cross-sectional shape of it is a half ellipse.  
2. Radius* is a half of mean fibre diameter, which was an average of measured data obtained by OFDA.  
3. ܽǯ,ܾǯ and ݎǯ are the actual dimensions by SEM method. 
4. ݊ଵ, ݊ଶ are refractive indexes of air and fibre, and ݊ଵ ൌ ͳ, thus ݉ ൌ ݊ଶ. 
5. Cotton, bamboo viscose and eri silk fibres are not with circular shapes, ܽǯǡ ܾǯ andݎǯ were involved in the 
calculations of models rather than using the OFDA data (Radius*). 
3.5.3.2 Comparison between predicted and actual results  
The predicted UV absorption results were calculated by the model, which considered the shape 
of fibre cross-section, fibre diameter, fibre type (transmittance index, refractive index and 
specific gravity). According to SEM images, the cross-sections of wool, Nylon66 and polyester 
fibres were assumed as circular cross-sections, and bamboo viscose fibres were assumed as 
elliptical shapes in the model calculation. The cross-sections of cotton fibres were calculated 
as both circular and elliptical shapes, and eri silk fibres were computed as both a half elliptical 
and triangular shapes, at the limiting cases. 
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Figure 3- 18: Comparison between predicted UV absorption results from model (using circle, ellipse and 
triangle model) and actual results from experiments at the wavelength of 350 nm. 
The comparison between predicted and actual results of the value of UV absorption [ܨሺܴሻஶ] 
at 350 nm wavelength has been shown in Figure 3- 18. The calculated results of UV absorption 
predicted by the models fitted well with those measured experimentally at the wavelength of 
350 nm. The statistical analysis (T-Test) results showed that there was no significant difference 
between model results and experimental results (P>0.05). In particular, the predicted UV 
absorption results for polyester and Nylon66 fibres were in better agreement with the 
experimental data. This was because the actual cross-sectional shapes of synthetic fibres are 
more regular and closer to assumed shapes for model calculation in comparison with natural 
fibres (Figure 3- 16). Moreover, the error bars for these two synthetic fibres were smaller than 
others, because the synthetic fibres have smaller variation in factors such as diameter, cross 
section, polymeric composition and colour, when they are produced as the manufacture process 
has a high level of control. 
There were larger deviations between predicted and actual UV absorption results for natural 
fibres. This may be because the natural fibres offer more variety in fibre diameter, fibre length, 
cross-sections and colour than synthetic fibres. The diameter used in the calculation for the 
circle model was an average value, which was measured from SEM images (based on OFDA 
database, since OFDA results were obtained by measuring thousands of fibre diameters). The 
actual diameters for fibres are in a range with a normal diameter distribution, especially for 
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natural fibres (e.g. wool). Another reason was that actual fibres have various shapes in the 
cross-sections, but for the calculation, the model was simplified with only one shape or two 
extreme shapes.  
The bamboo viscose fibre was an exception. The deviation was relatively large, and the 
difference% between predicted and actual results (ሺ݌ݎ݁݀݅ܿݐ݁݀ െ ܽܿݐݑ݈ܽሻ ܽܿݐݑ݈ܽΤ Ψሻ  was 
9.18%. This may be because the bamboo viscose samples were from commercial products, and 
the processing method, mixing parameters setting and conditions for the process from bamboo 
pulp to composite viscose [296, 297] were uncertain. It was difficult to obtain the accurate 
refractive index ݊ଶ and specific gravity ߜ for bamboo viscose fibres in this research. These two 
parameters were chosen as bamboo fibres instead. In addition, the UV absorptive capacity of 
bamboo viscose depends on the amount of lignin [281]. However, the polymeric structure of 
raw bamboo fibre (crystallinity, crystal size, etc.) is very different from that of the bamboo 
viscose. Also, the chemical components of raw bamboo fibre are very different from those of 
the bamboo viscose (e.g. the raw bamboo fibre has a significantly high percent of lignin). 
Therefore, the variety of shape, the difference of selected parameters (݊ଶ  and ߜ ) and an 
uncertain amount of lignin in the sample may result in the deviation. 
From SEM images for a single fibre cross-section in Figure 3- 16, it was found that there was 
a lumen in the cross-section of cotton, and there were some small cavities diffused all around 
the cross-section of eri silk fibre. But for the model, it was assumed that fibre cross-sections 
were uniform and solid shapes, without the lumen or holes. The structural difference may cause 
the deviation between predicted results and actual results, although it is unknown that whether 
the lumen or holes in the cross-section will affect the passage of UV light through fibres.  
For cotton and eri silk fibres, two shapes were calculated in the model. The comparison results 
showed that these two types of fibres with the elliptical cross-sections had smaller deviations 
than two simple shapes (circle and triangle). It illustrated that the predicted UV absorption 
results with a more complex cross-sectional shape, which was more complicated for model 
calculation, had a better agreement with the actual results. For example, silk fibres, the 
difference% (ሺ݌ݎ݁݀݅ܿݐ݁݀ െ ܽܿݐݑ݈ܽሻ ܽܿݐݑ݈ܽΤ Ψሻ in a half ellipse and triangle were 6.08% and 
13.19%, respectively). 
In summary, although the uncontrollable variables of natural fibres caused the existence of the 
deviations between predicted and actual results, the fibre cross-sectional shapes in this single 
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fibre shape model can be not limited to a circle. Based on these deviations within the acceptable 
range, this shape model can be used to provide the predictive guidance for UV protective 
textiles design.  
3.5.3.3 Different fibre cross-sections with a certain area and same areal coverage 
The difference of UV absorption among the fibres shown in Figure 3- 18 was the consequence 
of comprehensive analysis on fibre type, fibre cross-sectional shapes, and fibre diameter. 
However, when fibre type is constant, which shape provides higher UV protection needs to be 
confirmed, since the difference of shapes could influence design of various UV protective 
textile products. It was assumed that the filaments were from one material, which means fibre 
type (specific gravity, refractive index, and transmittance index at a certain wavelength) was 
kept constant. The filament mass, length, fibre cross-sectional area and the volume of filament 
were constant. Also, the areal coverage (areal coverage of ʹݎכ for single fibre) was constant 
(Figure 3- 19). Synthetic fibres can be made into several cross-sectional shapes, to suit 
industrial requirements. Three different shapes (circle, triangle and rectangle) were varied to 
investigate which shape has better UV protection. The values assumed are given in Table 3- 7 
for calculation. 
 
Figure 3- 19: A row of fibres with different cross-sectional shapes (keeping fibre type, mass, area, and 
areal coverage constant). 
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Table 3- 7: Parameters for fibres with different shapes. 
Shape ࢘כ(ȝm) ࢈כ (ȝm) Area a ࢓
Circle 
Triangle 
Rectangle 
10 
10 
10 
ʹݎכ 
ߨݎכ 
ߨ
ʹ ݎ
כ 
ߨݎכଶ 
ߨݎכଶ 
ߨݎכଶ 
0.9 
0.9 
0.9 
1.54 
1.54 
1.54 
Notes: ࢘כis a half x-length, ࢈כis the y-length of the fibre cross-sectional shape, Area is cross-sectional area, a is the 
transmittance index, and ࢓ equals to the refractive index of fibre (because ݊௔௜௥ ൌ ͳ). 
These three specific shapes had the same cross-sectional area, and a row of fibres was assumed 
with the same areal coverage. Since the areal coverage for each fibre shape was the same, the 
fibres were closely arranged next to each other as a row (areal coverage = 100%). The case for 
a bundle of fibres packed with a constant fibre layers and also with an infinite thickness has 
been discussed below.  
 
Figure 3- 20: Comparison of UV protection among different fibre cross-sections. (a) is a row of fibres with 
the same areal coverage; (b) is a bundle of fibres packed with ten fibre layers; (c) is a bundle of fibres 
packed with an infinite thickness. In this Figure, A%, R% and T% mean the percentages of UV 
absorption, reflectance and transmittance of fibres. 
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Figure 3- 20 describes that the different fibre cross-sectional shapes (circle, triangle and 
rectangle) provide different UV absorption, reflectance and transmittance when other 
parameters are constant (same fibre type, fibre mass, length, cross-sectional area and same areal 
coverage). Figure 3- 20 (a) is a row (1-layer) of fibres with the same areal coverage. The UV 
light transmittance of a single fibre has the same situation with that of a row of fibres with the 
same areal coverage. When the fibres were arranged in 1-layer only, the fibres with a triangular 
shape had the lowest transmittance, since two sides of the triangle inclining at a certain angle 
could increase the reflectance. Even though the height of the rectangle was the lowest in these 
three shapes (when the cross-sectional area and areal coverage were the same as other two 
shapes), the rectangular shapes were placed as a thin film. Hence, their transmittance was a 
little lower than that of circular ones. (In addition, the calculation for the rectangular shape was 
exceptional, since the direction of incident light was perpendicular to the horizontal air-fibre 
interface).  
Figure 3- 20 (b) is a bundle of fibres packed with a constant fibre layer (10-layers for the 
calculation). The triangular shapes provided the lowest transmittance, therefore they had the 
highest UV protection. Figure 3- 20 (c) is a bundle of fibres packed with an infinite thickness. 
Since the bundle of fibres was of an infinite thickness, the transmittance could be ignored due 
to values being too small. Except for the rectangle, the shapes of circle and triangle had similar 
results in UV absorption and reflectance. Triangular shapes reflected the most amount of rays, 
and rectangular shapes presented the highest absorption. Therefore, the triangle was the best 
shape for the fibres with the highest UV protection, when the cross-sectional area and areal 
coverage were the same as the other two shapes.  
The differences in the transmittance value between the triangular shape and the other two 
shapes were calculated. When the fibres were put in one layer with the same areal coverage 
(100%), the transmittance difference of ሺܿ݅ݎ݈ܿ݁ െ ݐݎ݈݅ܽ݊݃݁ሻ  and ሺݎ݁ܿݐ݈ܽ݊݃݁ െ ݐݎ݈݅ܽ݊݃݁ሻ 
were 0.14 and 0.12. When the bundle of fibres was packed in 10-layer thickness, the 
transmittance difference of ሺܿ݅ݎ݈ܿ݁ െ ݐݎ݈݅ܽ݊݃݁ሻ  and ሺݎ݁ܿݐ݈ܽ݊݃݁ െ ݐݎ݈݅ܽ݊݃݁ሻ  increased to 
0.35 and 0.26.  
However, by varying fibre thickness from 10, 20, 30-layers to an infinite thickness (10 mm), 
the transmittance difference among the shapes was also calculated. This indicated that the 
transmittance difference of ሺܿ݅ݎ݈ܿ݁ െ ݐݎ݈݅ܽ݊݃݁ሻ and ሺݎ݁ܿݐ݈ܽ݊݃݁ െ ݐݎ݈݅ܽ݊݃݁ሻ decreased with 
the increase of fibre layers. Therefore, the difference among the shapes increases firstly along 
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with the increasing fibre layers from 1-layer to 10-layers, and then decreased when the 
thickness was increased continually to an infinite thickness with no light transmitting.  
As a yarn is composed of a bundle of fibres with a certain thickness (fibre layers), it is 
interesting to look at how the difference caused by fibre cross-sectional shapes will be 
transferred to the UV properties of a single yarn and yarns. This work will be described in 
Chapter 4 yarn part. 
3.5.3.4 Conclusion for single fibre model with different shapes---fixed mass fibres model 
This part of work sets up a model to discuss the effect of fibre cross-sectional shape on UV 
protection of textiles. There is a hypothesis that the fibre cross-section influences light 
reflectance and transmittance, based on optical and geometry theory. The predicted results 
calculated from models had a good agreement with the actual results of UV absorption of fibres. 
A more complex shape was more suitable for simulating the fibre cross section of actual fibres, 
since the predicted results calculated were more consistent with experimental results. 
With the same material, when the fibre cross-sectional area and the areal coverage of single 
fibre were constant, the triangular shape had the lowest UV transmittance and highest 
reflectance for a single fibre and also for a fibre bundle. Differences caused by fibre cross-
sectional shapes increased firstly along with the increasing fibre layers from 1-layer to 10-
layers, and then decreased when the thickness increased continually to an infinite thickness 
with no light transmitting. Whether the difference of fibre shape can be transferred to a yarn or 
a fabric will be discussed in a further study (using a yarn model). 
3.6 Summary for fibre part study 
When the mass of fibres was kept constant, within the measurement range in this study, the 
coarser fibres had a lower UV reflectance than the finer ones. 
Fibre type, mean fibre diameter, and fibre layers had significant effects on UV absorption of 
fibres with a constant fibre mass. Therefore, transmittance index and refractive index were 
involved in the optical model as parameters to represent fibre type. Similarly, mean fibre 
diameter and fibre layers were also considered in the optical model setting. With the hypothesis 
that the fibre cross-section impacts on light reflectance and transmittance, based on optical and 
geometry theory, this work also built a model to discuss the effect of fibre cross-sectional shape 
on UV protection of textiles.  
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Experimental results with varying fibre parameters were used to examine their effects on UV 
absorption of fibres and had confirmed the predicted results from the model calculations. The 
predicted results from the models were consistent with the actual results obtained in the 
experiments.  
Based on the model predicted factors influencing UV absorption of a bundle of fibres, materials 
with a smaller fibre diameter, lower transmittance index, lower porosity, and larger refractive 
index provide higher UV protection. Within the same material, when the fibre cross-sectional 
area and the areal coverage of single fibres are constant, triangular shapes provide the lowest 
UV transmittance and highest reflectance for a single fibre and also for a fibre bundle (when 
compared to round and rectangular fibres).  
This model provides insight into the factors affecting the degree of UV protection offered by 
different fibres, and can serve as a guide for the design of UV protective fabric. The effect on 
UV properties caused by transferring the fibre parameters to yarns and fabrics will be discussed 
in the further studies in the following chapters. 
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4 Influence of yarn parameters on UV protection of the yarns 
In this chapter, the research on UV protection continues with the focus on the influence that 
yarn plays. Yarn used in fabrics can have a large number of variables in their construction. 
Each yarn variable could influence the UV absorption of the yarn and subsequent fabric as they 
will have an effect on variables like packing density and fibre placement. To understand this 
influence on UV absorption at a yarn level is critical to understanding the transfer or blocking 
of light at a fabric level.  
Initial experiments varied yarn parameters of wool yarns such as mean fibre diameter, yarn 
count and twist to determine the factors affecting ultraviolet protection factor (UPF) values and 
UV protective properties of yarns. The fibre and yarn parameters that were investigated, 
including mean fibre diameter, yarn linear density, yarn twist, coefficient of variation of 
diameter, comfort factor, the proportion of fibre ends greater than 30 ǋm in diameter 
(fibre%>30 ȝm in diameter), yarn twist, elongation to break, tenacity, and hairiness. 
Comfort factor, which refers to tactile comfort, was an important parameter investigated in this 
work that has not been investigated by others undertaking UV protection work. Prickle 
discomfort may exist in wool fabrics during next-to-skin wear [290]. Besides the free length 
protruding from the fabric surface, mean fibre diameter is one of the two main factors related 
to comfort [298]. Hence, the effect of the parameters related to comfort were considered, such 
as mean fibre diameter, comfort factor, and fibre%>30 ȝm in diameter. 
Yarn linear density impacts fabric weight, thickness, and cover factor, which are key factors 
influencing UV protection of fabrics. Yarn twist determines yarn hairiness, strength, elongation 
to break, fabric density and handle [299, 300]. The elongation and tenacity are relevant to the 
stretch of fabrics, and the hairiness is related to the length of protruding fibres, which could 
shield and scatter UV light. Therefore, these fibre and yarn parameters were involved in the 
discussion in this part of the work. 
Statistical analysis methods were used to investigate the significance of these factors. A 
statistical predictive model was derived to provide guidance for an optical model. An optical 
model was developed for a single yarn to study the process that the light rays penetrate through 
a yarn. Simulation in this model involved both a single yarn and a row of yarns. The effect of 
yarn twist (twist angle) and the light transmission interaction between two adjacent yarns were 
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taken into account to fit the model for the experimental results. The influence of fibre cross-
sectional shapes on UV protection at the level of a row of yarns was discussed. 
The optical model derived in this chapter was used to understand the interaction between UV 
light and yarns (a bundle of fibres). This enabled optimised parameters to be obtained for 
lightweight spring/summer knitting fabrics having good next-to-skin comfort. The finding of 
the yarn model were used in the further study of the UV protection of fabrics at a fabric level 
in the next chapter of this work. 
4.1 Material preparation 
Measurement frames were made from cardboard as shown in Figure 4- 1. A single layer of 
yarns were placed parallel to the vertical frame edge so that they partially or fully obscured the 
open area of the hole. The dimension of open area was 20 ×20 mm2. Yarns put within the 
frame were called ‘yarn sample’. 
 
Figure 4- 1: Photo of yarn samples. 
In comparison with synthetic fibres, natural fibres have better comfort due to their good 
moisture transfer and air permeability. From previous studies, wool was found to have a higher 
UV protection level when compared with other fibre types, such as cotton, nylon, silk and 
viscose rayon [137, 141]. This higher UV absorption and excellent next-to-skin comfort made 
it a good choice for lightweight summer clothing so it was used for the experiments in this 
section of the work. 
4.1.1 Yarn spinning 
Wool yarn samples were divided into three groups (fibre diameter, yarn linear density and yarn 
twist), by varying one parameter and keeping the other two variables constant (Table 4- 1).  
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Table 4- 1: Yarn information. 
Fibre diameter group Yarn linear density group Yarn twist group 
Mean 
fibre 
diameter 
(ȝm) 
Yarn 
linear 
density 
(Tex) 
Yarn twist 
(T/m) 
Mean 
fibre 
diameter 
(ȝm) 
Yarn 
linear 
density 
(Tex) 
Yarn twist 
(T/m) 
Mean 
fibre 
diameter 
(ȝm) 
Yarn 
linear 
density 
(Tex) 
Yarn twist 
(T/m) 
17.56 25 586 17.5 12 586 17.5 25 586 
18.52 25 586 17.5 18.9 586 17.5 25 600 
19.19 25 586 17.5 25 586 17.5 25 623 
19.76 25 586 17.5 30.4 586 17.5 25 638 
21.6 25 586 17.5 39.2 586 17.5 25 662 
21.76 25 586       
23.51 25 586       
In the mean fibre diameter group, 25 tex worsted wool yarns (586 T/m (twist per meter)) with 
different fibre diameters were chosen for the experiments (CSIRO, Australia). Yarns used in 
the varying linear density and twist study were spun from the same untreated, undyed wool top. 
17.5 ȝm pure wool tops were chosen for yarn spinning. In the yarn linear density experiments, 
twist level was fixed at 586 T/m, while the yarn linear density was varied from 12 to 39.2 tex. 
In the yarn twist experiments, yarn linear density was fixed at 25 tex, while the yarn twist was 
varied from 586 to 662 T/m. For preparation, the wool fibre staples were organized in a parallel 
orientation, using a GV11 vertical gilling machine (NSC Schlumberger, France). Roving was 
produced from the combed wool tops using a RF 4A vertical rub rover (Sant Andrea Novra, 
Italy). Rovings were spun into singles yarns using a FLC 16 ring spinning frame (Cugnetex, 
Italy), with a Z twist. After spinning, the bobbins were steamed (Vacuum: 88 KPa, Steam 87.5, 
20 min) to relax the yarn before winding and clearing on an auto coner & cone winder 
(Schlafhorst, Germany).  
In addition, six yarns, including 24.9 ȝm, 62.5 tex with 268 T/m, 328 T/m, 390 T/m and 22.5 
ȝm, 37 tex with 205 T/m, 450 T/m, 514 T/m were used to confirm the optimised results from 
the yarn model prediction in this study. 
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4.1.2 Areal coverage for yarn samples preparation 
Each kind of yarn was arranged in parallel to cover the frame detailed earlier with 100% areal 
coverage for UV property measurement. The number of yarns in the frame was calculated by 
the side length of the square hole of the frame divided by the yarn diameter as:  
ܰ ൌ ୱ୧ୢୣ୪ୣ୬୥୲୦୷ୟ୰୬ୢ୧ୟ୫ୣ୲ୣ୰                                                     Eq.4- 1 
where, yarn diameter was obtained by Eq.4- 2 [287]:  
ܦ௬௔௥௡ ൌ ට ସଵ଴యగ ൈ ೟்ఙ ൌ ͲǤͲ͵ͷ͸ͺ ൈ ට ೟்ఙ                                   Eq.4- 2 
where, ܦ௬௔௥௡ is the yarn diameter (mm), ௧ܶ is the yarn linear density (tex), and ߪ is the yarn 
bulk density (g/cm3), 0.75 g/cm3 for worsted yarns. The number of yarns used in the frame for 
wool yarns with a linear density of 12, 18.85, 25, 30.4 and 39.2 tex were 140, 112, 97, 88 and 
78 respectively. 
All yarns in cones and yarn samples within the frames were conditioned in a standard 
laboratory (a relative humidity of 65% ± 2% and a temperature of 20 ± 2 °C) for at least 24 
hours before sample preparation for each measurement and before all measurements. 
4.2 Measurement methods 
The Cary 300 Bio UV-VIS spectrophotometer was used for the measurements of diffuse 
transmittance (T%) and diffuse reflectance (DR) spectra of the yarn samples. Optical-based 
Fibre Diameter Analyser (OFDA) 2000 was used to measure the CV% of diameter, comfort 
factor and the proportion of fibre ends greater than 30 μm in diameter (fibre%>30 ȝm in 
diameter). The description of UV-VIS spectrophotometer and OFDA use have been shown in 
Chapter 3 (Section 3.2.1). 
The yarn samples were measured according to AS/NZS4399 using a YG902 - UPF and UV 
penetration Projection Measurement System (Fangyuan Instrument (DG) Co., Ltd, China) to 
get the Ultraviolet Protection Factor (UPF) values. Eight measurements of transmittance were 
recorded and UPF values were calculated by the YG902 program software directly, according 
to the UPF equation (Eq.4- 3) in the standard [301]. 
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UPF= ா೐೑೑ாᇲ ൌ
σ ாഊൈௌഊൈοఒరబబమవబ
σ ாഊൈௌഊൈ்ഊൈοఒరబబమవబ
                                            Eq.4- 3 
where, ܧఒ ൌ relative erythemal spectral effectiveness, ఒܵ ൌ solar spectral irradiance in 
Wǜm-2ǜnm-1, ఒܶ ൌ spectral transmittance of item, οߣ ൌ wavelength step in nm. 
Table 4- 2: UPF Classification system [292]. 
UPF Range UVR protection category Effective UVR transmission, % UPF Ratings 
15 to 24 
25 to 39 
40 to 50, 50+ 
Good protection 
Very Good protection 
Excellent protection 
6.7 to 4.2 
4.1 to 2.6 
2.5 
15, 20 
25, 30, 35 
40, 45, 50, 50+ 
    Note: An example of the levels of this UPF classification system is that a product with a rating of UPF 15-24 
can only block out 93.3% to 95.9% of UVR [132, 302]. 
A type 161 wrap reel (Mesdan LAB, Italy) was used to measure the yarn linear density. In 
addition, the wrap reel was used to make yarn samples. Wool yarns were wound on the wrap 
reel according to calculated number of yarns. The number of circles for winding equalled the 
number of yarns required across the measuring frame window (which was obtain by Eq.4- 1). 
The wound yarns on the wrap reel were stuck directly onto the measurement frame, keeping 
an even sample density, and the excess yarn was cut from above and below the window of the 
frame and discarded.  
Yarn elongation and tenacity was measured using a Tensorapid 3 automated yarn tensile tester 
(Uster, Switzerland). Each yarn sample was tested five times and 50 values were recorded each 
time. The mean value was recorded as the final test results.  
Hairiness was measured using a G565 Hairiness Tester V2.3 (Zweigle, Germany). Three 
measurements of the S3 values (the total number of hairs equal to or exceeding 3 mm) for each 
yarn sample were taken and the average was recorded.   
4.3 Statistical data analysis 
4.3.1 Software and methods 
The test data was statistically analysed using IBM® SPSS Statistics Software Statistics Version 
21 (IBM Corporation, USA). Note: some nomenclatures were shown in the SPSS analysis 
section (such asܴǡ ݊ǡ ߙ, ߚ, ߜ, andܽ), but they have specific meanings related to statistical 
analysis. They had different meanings to those used in the model section. 
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Frequency analysis and 1-Sample K-S analysis methods were applied to check the normality 
of data. One-way ANOVA analysis was used to determine if the yarn parameters had 
significant effects on UV protection (UPF value). All the fibre and yarn parameters were 
analysed by factor analysis, which was used in data reduction to screen variables for subsequent 
regression analysis. The statistical predictive model was achieved by regression analysis 
(“Enter method”, where all independent variables were entered into the equation in one step). 
Combining the results from correlate analysis, factor analysis and regression analysis, the 
statistical predictive model was obtained.    
4.3.2 Statistical analysis results 
 
Figure 4- 2: The UPF values of yarn samples. 
After frequency analysis and 1-Sample K-S analysis on the UPF values of yarn samples (Figure 
4- 2), it was found that the data for the UPF values of yarn samples in three groups followed a 
normal distribution. Only for the yarn samples in Groups 1 and 2, the variances of UPF value 
data were homogeneous. The one-way ANOVA (ࡼ ൏ ૙Ǥ ૙૞) results indicated that both mean 
fibre diameter and yarn linear density had significant effects on the UPF values of the yarns in 
Groups 1 and 2. Whereas, the variance of UPF value data for the yarns in Group 3 was not 
homogeneous, thus two other methods were chosen for data analysis, including ANOVA 
(Equal Variances Not Assumed) and K Independent Samples analysis methods. The results of 
these two analyses showed that yarn twist also had a significant effect on UV protection of the 
yarns (ࡼ ൏ ૙Ǥ ૙૞). Therefore, these three factors should be considered as parameters for the 
statistical predictive model.  
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In addition, other fibre and yarn parameters were taken into account for the analysis, including 
coefficient of variation of diameter (CVD%), comfort factor, the proportion of fibre ends 
greater than 30 μm in diameter (fibre%> 30 ȝm in diameter), linear density, yarn twist, 
elongation, tenacity, and hairiness. Comfort factor and fibre%> 30 ȝm in diameter are the key 
factors which reflect next-to-skin comfort for wool fabrics. The elongation and tenacity are 
relevant to the stretch of fabrics, and the hairiness is related to the length of protruding fibres, 
which could shield and scatter UV light.  
Table 4- 3: (Pearson) correlation coefficients between UPF values and yarn parameters. 
Control variables Mean fibre 
diameter  
CVD% Comfort 
factor 
fibre%> 30 ȝm
in diameter 
Yarn 
linear 
density 
Twist Elongation Tenacity Hairiness
UPF 
value 
Correlation -0.483 0.048 0.516 -0.177 0.220 -0.390 0.346 0.251 -0.355 
Significance (2-
tailed) 
0.000 0.607 0.000 0.054 0.016 0.000 0.000 0.006 0.000 
 
Correlation analysis results (Table 4- 3) indicated that CVD% and fibre%> 30 ȝm in diameter 
were not correlated to the UPF values of yarns. Combining the results from correlate and factor 
analysis, the statistical predictive model was achieved by regression analysis (Enter method). 
Regression model 1 explored the relationship between UPF value and the three main factors 
(fibre diameter, yarn linear density and yarn twist) (ࡾ૛ ൌ ૙Ǥ ૢ૝૝, where ࡾ is the correlation 
coefficient of regression model), which is: ܷܲܨ ൌ ͵ͲǤͻͷ͹ െ ͲǤͷʹ͸ ൈ ܦ݅ܽ݉݁ݐ݁ݎ ൅ ͲǤͲ͵ͻ ൈ
ܶ݁ݔ െ ͲǤͲʹͷ ൈ ܶݓ݅ݏݐ. Regression model 2 was acquired by the regression analysis using the 
factors from factor analysis, and it showed the relationship between UPF value and the factors 
obtained from factor analysis (ࡾ૛ ൌ ૙Ǥ ૢ૜૛). The coefficients for the statistical predictive 
model have been shown in Table 4- 4. 
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Table 4- 4: Coefficients for model predicting UPF value. 
Model Unstandardized Coefficients Standardized Coefficients t Sig. ܀2 
B Std. Error Beta 
1 (Constant) 30.957 1.968  15.732 0.000 0.944
MeanD -0.526 0.048 -0.821 -11.008 0.000 
Yarn linear density 0.039 0.010 0.283 3.952 0.002 
Twist -0.025 0.003 -0.728 -9.770 0.000 
2 (Constant) 23.167 1.693  13.688 0.000 0.932
Twist -0.026 0.003 -0.761 -9.206 0.000 
REGR factor score 1* -0.658 0.067 -0.809 -9.789 0.000 
REGR factor score 2* 0.260 0.064 0.320 4.078 0.002 
          *REGR factor score 1 and 2 are the factor scores obtained from factor analysis. 
            Here, t means the statistics from T-test, ܀ is the correlation coefficient of the regression model. 
This result demonstrated that all the coefficients are not equal to 0, which was confirmed with 
the significance P-value (ࡼ ൏ ૙Ǥ ૙૞). The Durbin-Watson value of this model was 1.706 
(closer to 2), which indicated that the residual errors of this model had a relatively low 
correlation. Co-linearity statistical results, including tolerance value and VIF value, show this 
model did not have a co-linearity problem. Following Eq.4- 4, a minimum sample size (࢔) 
could be calculated using statistics in the confidence interval, standard deviation, and allowable 
error. 
 ݊ ൌ ሺ௓బǤబఱି௓బǤమబሻమήሺఋି௔ሻమሺοି௔ሻమ                                                 Eq.4- 4 
where, type I statistical error ߙ ൌ ͲǤͲͷ, and type II statistical error ߚ ൌ ͲǤʹͲ, so ܼ଴Ǥ଴ହ ൌ ͳǤ͸ͷ 
and ܼ଴Ǥଶ଴ ൌ ͲǤͺʹ are the percentiles of 0.05 and 0.01 in the standard normal distribution. ߜ is 
the residual standard deviation (0.218) of the model, ܽ is the precision of testing equipment 
(0.01), and ο  is the allowable error (0.04). The minimum sample size of the model is 
approximately equal to 2. This meant that the model needed at least two samples to confirm its 
accuracy. 
Two more wool yarn samples were measured to verify the statistical predictive model. They 
were 25 tex, 586 T/m yarns with mean fibre diameters of 21.76 ȝm and 23.51 ȝm. The average 
of differences between actual and predicted UPF value were calculated for statistical 
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verification. The results of the differences were 0.15 for Model 2 and 0.24 for regression Model 
1. Regression Model 2 was better, since it had a lower difference between actual and predicted 
results than Model 1. Regression Model 2 may be used to predict the changing trend of UV 
protection of yarns with different parameters. The actual, predicted results and optimised 
parameters have been shown in Figure 4- 3.  
 
Figure 4- 3: UPF value change with increasing mean fibre diameter. 
The finest fibres had the lowest percentage of fibre ends greater than 30 μm in diameter, which 
meant the lowest prickle of wool fibres (Figure 4- 3). Yarns with finer fibres, a larger yarn 
linear density (tex) and a lower yarn twist provided a higher UPF value. For lightweight 
spring/summer knitted garments with good next-to-skin comfort, the optimum parameters may 
be predicted from the statistical model: 25 tex and 400 T/m yarns with finer than 18.5 ȝm wool 
fibres offer a higher UPF value (൐ ͳʹ). This value was close to the “good protection” range in 
the UPF classification system [292]. For yarns with a higher linear density (e.g. 40 tex), coarser 
fibres (e.g. 20 ȝm fibres, which present a lower price than superfine fibres) could be chosen to 
acquire a UPF value ൒ ͳʹ .  
By increasing the yarn linear density (62.5 tex) and decreasing the yarn twist (268 T/m) for a 
slightly thicker fabric, the yarns with a larger diameter (൏23 ȝm), can provide adequate UV 
protection (UPF൒15) to wearers. Even without any treatments (e.g. chemical coating), the 
undyed wool fabrics with these yarn parameters can achieve a high level of UV protection. To 
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confirm the optimised parameters, 24.9 ȝm, 62.5 tex yarns with different yarn twist of 390 T/m, 
328 T/m and 268 T/m were selected for UPF measurement. The UPF values were 9.1, 13.6, 
and 17.26, respectively. Therefore, the optimised parameters predicted from the statistical 
model could be used to serve as a guide for the UV protective fabric design. This statistical 
study also provided the key variables to be considered for an advanced optical model to 
understand the interaction between UV light and yarns (a bundle of fibres).    
In summary, based on the statistical data analysis, mean fibre diameter, yarn linear density, and 
yarn twist should be considered in the optical model parameters setting. The experimental 
results showed yarns with a reduced fibre diameter, greater yarn linear density, and less twist 
have higher UV protection factor (UPF) values. The optimised parameter group for a 
lightweight summer knitted fabric with a higher UV protection (UPF൒12) could be obtained 
by: ൏18 ȝm, 25 tex, 400 T/m, or ൏20 ȝm, 40 tex, 400 T/m. Yarns with the parameters ൏23 
ȝm, 62.5 tex, 286 T/m can provide sufficient UV protection (UPF൒15) to the wearer.  
4.4 Optical model 
4.4.1 Single yarn model 
The optical model for a single yarn, simulating the UV light/fibre interaction, was based on the 
fixed mass of fibre model (a bundle of fibres with a certain mass), which was detailed in 
Chapter 3 (Figure 3- 7). The assumptions were similar to that in the fixed mass of fibre model 
with the following adjustments. The calculation methods were the same as the fixed mass of 
fibre model in Chapter 3 (Sections 3.4.2 and 3.4.3). 
1) According to yarn cross section [287pp.198-193, 300], a single yarn was assumed to be 
as a cylinder that was filled with a bundle of fibres with a certain number of layers.  
2) Double refraction will occur when an incident light penetrates from air into an 
anisotropic fibre. One refractive light is ordinary light (following refraction law), and 
the other one is extraordinary light (the refractive ray is not inside the incidence surface) 
[287pp.333-363]. This model discussed the part of ordinary light, and the refractive 
indexes of fibres within the ordinary light were used in the model calculation. 
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3) Fibres of the same type in a single yarn have the same fibre diameter, length, colour 
and optical property [230, 245]. The adjoining surfaces of the fibre layers are planar 
and parallel, so that there are no boundary effects [226].  
4) Although real yarns (e.g. Figure 4- 4) differ from this idealised structure or other models 
(such as open-packed yarn model [288]), for simplification of model calculation, these 
fibres were assumed to be packed in a regular array [244] parallel to the yarn axis (z 
axis). The fibres were placed with a staggered arrangement (the fibres in the lower layer 
covered the gaps of fibres in the upper layer). The fibres in each layer joined as a whole, 
so it was assumed that the optical property of every point in one layer was the same as 
that of every single fibre.   
5) There were ܿfibre layers in the fibre array in the cross-section of a single yarn. Two 
adjacent fibres were tangential in each layer and the distance between two adjacent 
layers of fibres was h. A light ray was assumed to be transmitted and reflected [245, 
248] n times in one layer. Since the fibre is optically homogeneous and cylindrical, each 
transmitted and internally reflected ray has the same angle of refraction and the same 
internal path length [244]. 
6) The light interaction between two adjacent yarns and the effect of yarn twist were 
discussed at the yarn level. A light ray after being transmitted and reflected from one 
yarn could reach its neighbouring yarn. The effect of yarn twist angle (ߛ, gamma) was 
transferred into the included angle between the incidence light direction and the yarn 
axis. The incidence light energy was divided into two components parallel and 
perpendicular to the yarn axis, and the component of incidence energy in the 
perpendicular direction (ൈ  ߛ) was for the calculation (Figure 4- 5). x-y plane was 
the plane of incidence, z axis was the yarn axis direction. In this case, based on the range 
of yarn twist for knitted fabrics (200ņ800 T/m), the range of ߛ was 0.128 to 0.460. 
When the yarn was without twist, the incident light energy was assumed to be 1. 
7) A two-dimensional optical process was simplified in the model at the fibre cross 
sections.   
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Figure 4- 4: Microscope image of actual cross section of a single wool yarn. 
Figure 4- 4 is the cross section of a single wool yarn, which was imaged using a microscope 
DP71 (Olympus optical co., ltd., Japan). In this image, the actual fibre arrangement inside a 
single yarn is displayed, where the fibres have irregular diameters and cross sections and are 
packed irregularly. The parameters of this wool yarn were: mean fibre diameter of 17.5 ʅm, 
yarn linear density of 39 tex and yarn twist of 586 T/m.  
 
Figure 4- 5: Twist angle on a single yarn (drawn by SoildWorks®2012 software, Dassault Systèmes 
SolidWorks Corp., France). 
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4.4.2 Light interaction between two adjacent yarns 
 
Figure 4- 6: The light interaction (refraction and reflection) between two adjacent yarns. 
Figure 4- 6 shows the interaction between any two adjacent yarns during the passage of light 
through them. Figure 4- 6(a) indicates the reflected ray from one yarn will reach its 
neighbouring yarn. Figure 4- 6(b) presents the incidence light penetrated through one yarn, and 
after three set of internal reflectance inside the yarn, the refractive light exited the yarn and will 
impact on its neighbouring yarn. Hence, the interaction between these two yarns should be 
considered in the model, when the cross section of a single yarn was assumed as a circle. ߠ was 
the incidence angle, ߮ was the refraction angle, ݏ was the distance between two centres of 
circles (two adjacent yarns). The geometrical relationship for angles סȽ , סͳ , סʹ , ס͵ and 
distances ݀ଵ, ݀ଶ are as shown in Figure 4- 6.  
The range of the incidence angle which caused the interaction needed to be calculated in two 
separate situations (refraction and reflectance). For example, for refractive situation, when ݏ ൌ
ʹݎ௬௔௥௡ (ݎݕܽݎ݊was the yarn radius), గ଺ ൑ ߮ ൑
గ
ଶ, there was ݀ଶ ൅ ݀ଵ ൑ ݎ; when Ͳ ൏ ߮ ൏
గ
଺, there 
was ݀ଶ െ ݀ଵ ൑ ݎ, so that the range of incidence angle ߠ could be obtained (where, ݀ଵ ൌ ݎ ή
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 ߠ  and ݀ଶ ൌ ʹݎ ή  ߙ ). In the same way, the range of refractive angle for reflectance 
situation was discussed for two intervals (గସ ൑ ߮ ൑
గ
ଶ and Ͳ ൏ ߮ ൏
గ
ସ). After Matlab® program 
and calculation, the result was obtained that: when Ͳ ൑ ߠ ൑ ͲǤͶʹͻͶͷͻ and ͲǤͺ͹ͺͺ ൑ ߠ ൑
ͳǤͷ͹Ͳͺ, the refraction of one yarn could have effect on its neighbouring yarn; when Ͳ ൑ ߠ ൑
ͲǤ͸ͻͷͲͲ͵ and ͲǤ͹ͺͷ͵ͻͺ ൑ ߠ ൑ ͳǤͷ͹Ͳͺ, the reflection of one yarn could have effect on its 
neighbouring yarn. These four intervals of the incidence angle range were combined into Ͳ ൑
ߠ ൑ ͲǤͶʹͻͶͻͷ and ͲǤ͹ͺͷ͵ͻͺ ൑ ߠ ൑ ͳǤͷ͹Ͳͺ, in which both the reflection and refraction from 
one yarn could cause the interaction to its adjacent yarns, the percentage of reflectance and 
transmittance through this yarn was acquired for the calculation for the interactive energy. Here, 
the cross section of a single yarn was assumed as a circle, the calculation results for the 
reflectance and transmittance through a single yarn were obtained by the yarn model.  
After one, two and three internal reflections and refractions, the energy summation of all the 
reflections and transmissions may be obtained as the interactive energy (ܫ௘௙௙௘௖௧ , and was 
simplified as ܫ௘). The energy summation of all the reflections and transmissions of one yarn 
presented the total energy of the emergent light leaving this yarn. This part of interactive energy 
would participate in the reflectance and transmittance process of the adjacent yarn. Hence, for 
any yarn in a row, the reflected and transmitted light from it should depend on the summation 
of incident and interactive energy, rather than the incident energy only (ܫ଴ ൌ ͳ).  
Selecting any three adjacent yarns as the research unit, adding the interactive energy (ܫ௘) to the 
incident energy, the reflectance (ܴǯ) and transmittance (ܶǯ) of one yarn were shown as: 
ܴᇱ ൌ ሺͳ െ ʹܫ௘ሻܴ ൅ ܫ௘ሺܴ ൅ ܶሻ ʹΤ െ ݐଶܴ ʹΤ                                   Eq.4- 5 
ܶᇱ ൌ ሺͳ െ ʹܫ௘ሻܶ ൅ ܫ௘ሺܴ ൅ ܶሻ ʹΤ െ ݐଵܶ ʹΤ                                  Eq.4- 6 
where, ܫ௘  is the interactive energy from the adjacent yarn, ܴǡ ܶ  are the reflectance and 
transmittance of a single yarn, ݐଵǡ ݐଶ are the transmittance after the first and second internal 
transmissions through the yarn. 
4.4.3 Other model variables 
Fibre volume percentage (fibre%) in a single yarn, which was ሺͳͲͲ െ ߝሻΨ, determines the 
number of fibres filled in a yarn, so that it controls the fibre layers. It was assumed that all the 
space was occupied by air instead of fibres (Figure 3- 7), and the air volume percentage 
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(porosity) was ߝΨ. Since the model assumed the fibres were packed as filaments, combining 
with the packing fraction equation from Petrulis’ study [303], fibre volume percentage were 
calculated by Eq.4- 7.  
ሺͳͲͲ െ ߝሻΨ ൌ ௏೑೔್ೝ೐௏೤ೌೝ೙ ൈ ͳͲͲΨ ൌ
ఙ೤ೌೝ೙
ఋ೑೔್ೝ೐ ൈ ͳͲͲΨ                        Eq.4- 7 
where, ݉௙௜௕௥௘ is the total mass of fibres in volume ௙ܸ௜௕௥௘ ( ௙ܸ௜௕௥௘ ൌ ݉௙௜௕௥௘Ȁߜ௙௜௕௥௘), ݉௬௔௥௡ is 
the total mass of yarn in volume ௬ܸ௔௥௡ ( ௬ܸ௔௥௡ ൌ ݉௬௔௥௡Ȁߪ௬௔௥௡), and ݉௙௜௕௥௘ ൌ ݉௬௔௥௡ for a yarn 
of fixed fibre length [303]. ߪ௬௔௥௡ is the yarn bulk density (0.75 g/cm3 for worsted yarn), and 
ߜ௙௜௕௥௘  is the specific gravities of fibre (1.31 g/cm3 for wool fibres). The fibre volume 
percentage of wool fibres in the yarn samples was 57.25%. 
The number of fibre layers in a single yarn is essential to determine the times of reflectance 
from following fibre layers. Different fibre diameter and yarn linear density result in different 
number of fibre layers. The inscribed square of the circle (yarn cross-section) was constructed, 
and its length was acquired. Then, the number of fibres in one layer was calculated by the 
length of inscribed square dividing fibre diameter. So the number of fibre layers was obtained 
as the number of fibres dividing by the number of fibres in one layer.   
݊ݑܾ݉݁ݎ݋݂݂ܾ݅ݎ݁ݏ ൌ ஺೤ೌೝ೙ήሺଵ଴଴ିఌሻΨ஺೑೔್ೝ೐                                 Eq.4- 8 
where, the cross-sectional area of yarn is ܣ௬௔௥௡ ൌ గସ ܦ௬௔௥௡ଶ, the cross-sectional area of single 
fibre is ܣ௙௜௕௥௘ ൌ గସ ݀௙௜௕௥௘
ଶ, and ܦ௬௔௥௡ and ݀௙௜௕௥௘ are the diameters of a single yarn and fibre. 
ܦ௬௔௥௡ ൌ ͲǤͲ͵ͷ͸ͺ ൈ ට ೟்ఙ೤ೌೝ೙ (mm) [287 pp.178], where ௧ܶ is yarn linear density (tex) andߪ௬௔௥௡ 
is mass per volume of the yarn (the yarn bulk density, g/cm3). 
This yarn part of the work used an intermediate wavelength value of 350 nm (in the UVA range) 
for presenting and calculation of the results as well as comparison between predicted and 
measured results of UV absorption. Samples with a thickness of 4.60 mm were measured for 
transmittance in this study. The transmittance index ܽଷହ଴ ൌ ͲǤͺͲͲ for wool was used for all 
calculations.  
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Since a single yarn is essentially composed of a mixture of fibres and air, the refractive index 
of yarn should be recalculated with refractive indexes of wool fibres and air, using Heller 
equation (Eq.4- 9) [304]. The refractive index of wool yarn was calculated as 1.27. 
௡భమି௡భ
௡భ ൌ
ଷ
ଶ߶ଶ ቀ
௠మିଵ
௠మାଶቁ                                               Eq.4- 9 
where, ݊ଵଶ is the refractive index of the mixture, ݉ is the ratio of the two media refractive 
indexes, ݉ ൌ ௡మ௡భ, and ݊ଵ, ݊ଶ are refractive indexes of the air and wool fibre, respectively.߶ଶ ൌ
ଶܹ ߜଵଶ ߜଶΤ , ଶܹ ൌ ܯଶ ሺܯଵ ൅ܯଶሻΤ , ߜଵଶ  is the specific gravity of the mixture, ߜଵଶ ൌ
ሺܯଵ ൅ܯଶሻ ሺ ଵܸ ൅ ଶܸሻΤ , ܯଵǡܯଶare the masses of the air and wool fibre , ߜଵǡ ߜଶ are the specific 
gravities of air and wool fibre, ଵܸǡ ଶܸare the volumes of air and wool fibre. 
4.4.4 Comparison of UV properties between calculated and measured results 
4.4.4.1 Comparison of UV transmittance between calculated and experimental results 
Figure 4- 7 shows the comparison between calculated (predicted) and measured (actual) results 
at the wavelength of 350 nm, for wool yarns that were arranged as a row in the frame with 100% 
areal coverage. For these yarn samples, each of three main factors (mean fibre diameter (a), 
yarn linear density (b) and yarn twist (c)) was varied when other two factors were kept constant.  
Since the yarns were arranged in a row with the areal coverage of 100%, there was no space 
between two adjacent yarns in theory. Actually, a yarn consists of both fibres and air, and the 
cross-section of yarn is made up by not only the summation of fibres’ cross-sectional areas but 
also the area of air. For the convenience of calculation, it was assumed that all the fibres were 
arranged in the centre of the circle (cross-section of yarn), and the air appears as a ring around 
the fibres. Hence, it was assumed there was the space between two yarns. Therefore, the space 
between two adjacent yarns was equal to a half of the difference value between yarn diameter 
and the diameter of the circle, which was made up by all fibres. The diameter of the circle was 
obtained by the area of the circle ( ൌ ඥܽݎ݁ܽ ߨΤ ), which was equal to the area of single 
fibre multiplying by the number of fibres. The transmittance of yarn samples was calculated 
by the Eq.4- 10: 
ܶΨ ൌ ே೤ೌೝ೙ൈ஽೤ೌೝ೙ൈ்Ψ೤ೌೝ೙ାேೞ೛ೌ೎೐ൈௗೞ೛ೌ೎೐ൈଵ଴଴Ψௌ௜ௗ௘௅௘௡௚௧௛                               Eq.4- 10 
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where, ܦ௬௔௥௡  is yarn diameter, ݀௦௣௔௖௘ is the space between two adjacent yarns, ௬ܰ௔௥௡ and 
௦ܰ௣௔௖௘ are the numbers of yarns and space, ܶΨ௬௔௥௡ is the transmittance of one single yarn (ൌ
௔ܶ௟௟), and the side length is for the open area of the measurement frame (20 mm). 
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Figure 4- 7: UV transmittance of calculated and measured results for wool yarn samples with 100% areal 
coverage at wavelength of 350 nm. The results are changing with increasing (a) mean fibre diameter, (b) 
yarn linear density, and (c) yarn twist. 
For the diameter group, it indicated that the UV transmittance increased as the increasing mean 
fibre diameter. It means the finer diameter fibres provided higher UV protection, when yarn 
linear density and twist were constant. The yarn linear density was constant, which means the 
mass, the volume and the cross-sectional area of yarn were constant. Yarn is formed from a 
bundle of fibres with a constant mass. Hence, to compose a single yarn, the total number of 
fibres (the number of fibres in one layer and the number of fibre layers) is decreasing with 
increased mean fibre diameter, even though the fibre volume percentage in a single yarn is 
constant. Based on the calculation for a single yarn, the transmittance of finer fibres with more 
fibre layers is smaller than that of the coarse fibres with less fibre layers. This may be because 
a larger number of finer fibres in a layer by layer stagger arrangement, which increases the 
ways that the light travels between the fibres (for example, increases the internal reflectance 
between layers). So that it consumes more energy of light passing through than through coarse 
fibres with less fibre layers. 
For the yarn linear density group, it described that the UV transmittance decreased with the 
increase of yarn linear density. When yarn linear density increases, the transmittance of single 
yarn decreases due to the larger yarn diameter (more fibres are packed in one yarn reduces light 
transmission through the yarn). When the larger diameter yarns were placed into the frame, the 
numbers both of yarns and space decreased, but the space between two adjacent yarns is 
relatively increased. After calculation the UV transmittance of the yarn samples decreases, 
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although the number of yarns packed in the frame decreased. Therefore, the yarns with larger 
yarn linear density have a higher UV protection, when fibre diameter, yarn twist and the areal 
coverage of yarn samples are constant.  
For the yarn twist group, the results showed that the UV transmittance increased slightly with 
the increase of yarn twist. The fibres are held together more tightly with a higher twist, which 
is decreasing the effective diameter of the yarn, hence the space between two adjacent yarns is 
increased a little. Effectively the air inside the yarn decreases with increasing twist, which 
results in the air space between yarns being increased. This causes the UV transmittance 
increased due to more light being able to transmit directly through the yarn layer without 
impacting any fibres. Another explanation is from a hypothesis of the twist angle (ߛǡ Ͳ ൏ ߛ ൏
గ
ଶ), based on this yarn model. The incidence light direction was divided into parallel and 
perpendicular (ൈ ߛ) directions, and the perpendicular direction mainly cause the light/fibre 
interaction. So the transmittance of a single yarn need to multiply by ߛ. The twist angle is 
increased with the increasing twist, so that ߛ  is increased, which will result in the 
transmittance increasing slightly. Therefore, the yarn with a lower twist presents a lower UV 
protection, when fibre diameter and yarn linear density are constant. 
4.4.4.2 Comparison of UV reflectance between calculated and experimental results 
Similarly, according to the actual situation of the measurement frame, the reflectance of yarn 
samples was calculated by the Eq.4- 11: 
ܴΨ ൌ ே೤ೌೝ೙ൈ஽೤ೌೝ೙ൈோΨ೤ೌೝ೙ௌ௜ௗ௘௅௘௡௚௧௛                                         Eq.4- 11 
where, ܦ௬௔௥௡ is yarn diameter, ௬ܰ௔௥௡ is the numbers of yarns, ܴΨ௬௔௥௡ is the reflectance of one 
single yarn (ൌ ܴ௔௟௟), and ‘ܵ݅݀݁ܮ݁݊݃ݐ݄’ is the width of the open area of the measurement frame 
(20 mm). 
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Figure 4- 8: UV reflectance of calculated and measured results for wool yarn samples with 100% areal 
coverage at wavelength of 350 nm. The results are changing with increasing (a) mean fibre diameter, (b) 
yarn linear density, and (c) yarn twist. 
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For the diameter group, Figure 4- 8(a) shows that the UV reflectance decreases with the 
increasing fibre diameter slightly. This is because there are more fibres with smaller diameter 
in one layer, and it causes more reflected light by these fibres. In contrast, there are less fibres 
with larger diameter in one layer, and it reduces the reflected light in a single yarn. For a row 
of yarns with the areal coverage of 100%, the UV reflectance also decreased as fibre diameter 
increased, when the yarn diameter and twist was constant. 
In the yarn linear density group, the UV reflectance also decreased with increasing yarn linear 
density slightly (Figure 4- 8(b)). For a single yarn, the yarn diameter is increased by increasing 
yarn linear density. The reflectance of a single yarn is increased, since the number of fibres 
packed in one yarn is increased. The bulkier yarns increases the probability of the light hitting 
a yarn. However, the number of larger diameter yarns decreases in the frame, which results in 
the reflectance of yarns within the frame decreases. Overall the results after calculation, the 
composite result was that the reflectance of the yarn samples decreased slightly with increasing 
yarn linear density. 
For yarn twist group, the twist angle is increasing with increased twist [287 pp.186]. The Figure 
4- 8(c) shows the UV reflectance increased only marginally with increased yarn twist. However, 
this increasing trend of UV reflectance of yarn samples is not obvious. During the yarn spinning, 
the yarns were spun at the same yarn linear density of 25 tex, and the measured actual yarn 
linear densities for these yarns were slightly different from each other. Although the fibres are 
more tightly held together with a higher twist level and this increases the space between two 
yarns, the space does not impact the reflectance. Therefore, the reflectance of yarns with 
increasing twist would have negligible change, as shown by the actual results. 
[CHAPTER FOUR] 
95 
4.4.4.3 Comparison of UV absorption between calculated and experimental results 
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Figure 4- 9: UV absorption of calculated and measured results for wool yarn samples with 100% areal 
coverage at wavelength of 350 nm. The results are changing with increasing mean fibre diameter (a), yarn 
linear density (b), and yarn twist (c). 
The calculated and measured results for UV absorption were calculated by the equation of 
ܣΨ ൌ ͳ െ ܶΨെ ܴΨ, according to the conservation of light energy (the incident light intensity 
is equal to the intensity summation of absorption, reflectance and transmittance). In the 
diameter group, the UV absorption of yarns was decreased with increasing fibre diameter. 
There were a larger number of fibres with smaller diameter in a single yarn, when the yarn 
linear density and yarn twist were constant. In contrast, there were a limited number of fibres 
with larger diameter in a single yarn. Therefore, a greater number of finer fibres can absorb 
more light than a lower number of the coarse fibres in one single yarn.  
Figure 4- 9(b) shows that the yarns with a larger yarn linear density have a higher UV 
absorption. This is due to the larger linear density yarn containing more fibres with the same 
fibre diameter than the yarn with a smaller density. Consequently, this larger number of fibres 
can absorb more UV light.  
It indicated that the yarns with a lower twist present a higher UV absorption from Figure 4-
9(c). This result was attributed to the more open and bulkier structure of wool yarn at lower 
twist levels, hence giving rise to a relatively more extensive space for protruding fibres that 
could absorb the light for a single yarn. 
Overall, the predicted results of UV protective properties of yarns had a good agreement with 
the actual results from measurements. The model can be used to predict the parameter group 
for getting a high UV protection in the normal yarn range.  
4.4.5 Predicted factors influencing UV protection 
Fibre and yarn parameters were taken into account for the UV protection study, including fibre 
diameter, yarn linear density, twist, ratio of refractive indexes ݉, and transmittance index ܽ. A 
single factor was varied each time for the model calculation. The effect of fibre type can be 
presented by transmittance index and refractive index in the model prediction. The normal 
range of fibre diameter from 10 to 60 ȝm, yarn linear density from 10 to 120 tex, twist from 
400 to 800 T/m, ݉ from 1 to 2, and ܽ from 0.1 to 1were computed and have been shown in 
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Figure 4- 10 to Figure 4- 14. The yarns were arranged parallel to each other in a row with a 
100% areal coverage for the predicted discussion. 
4.4.5.1 Effect of mean fibre diameter on the UV protection of a row of yarns 
 
Figure 4- 10: Effect of fibre diameter on UV properties at wavelength of 350 nm (25 tex, 586 T/m, ࢇ ൌ
૙Ǥ ૢ, ࢓ ൌ ૚Ǥ ૞૝). 
Yarn linear density = 25 tex, twist = 586 T/m, ܽ ൌ ͲǤͻ, and a normal ݉ ൌ ͳǤͷͶ were selected 
at random. For a single yarn as fibre diameter was increased while the mass of fibres (yarn 
linear density) remained constant, the number of fibres aligned in one layer was reduces, which 
caused a reflectance decrease. Also, the number of layers for the fibre array was reduced, which 
resulted in an increase of transmittance. The results in Figure 4- 10 showed that when the fibre 
diameter was increased, the reflectance decreased, while the transmittance had a fluctuating 
increasing trend. The fluctuation was caused by the sudden removal of a fibre layer from the 
yarn model calculation.  
The absorption also fluctuate significantly over the diameter range but did not have a noticeable 
increasing or decreasing trend. This was due to the mass of yarn per length (yarn linear density) 
being unchanged. The fluctuation in the transmission appeared to be caused by the different 
adsorption levels of the fibre due to material differences. From the model calculation, the 
material differences were mainly reflected in the differences from the number of fibre per layer 
and the number of layers in a single yarn, when the fibre diameter was changing. It can be 
found that all the highly absorbing fibres from the graph (diameter 10, 22, 30, 36, 40, 46, 56, 
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58) had an increasing trend in transmittance and a slightly increasing trend in absorption. Also, 
the low absorbing fibres (diameter 20, 28, 38, 42, 48, 60) had the same trend. This confirms 
that there was an effect on the UV absorption from the base fibre material causing the 
fluctuations up and down in UV transmittance, but the UV reflectance trend was the same. 
Since the yarn diameter and the areal coverage of yarns in a row were constant, the UV 
properties of a row of yarns were the same as that of a single yarn. Therefore, the yarns with 
finer fibres can provide a higher UV protection than the yarns with coarse fibres, when the yarn 
linear density and twist were constant. In addition, the finer fibres also cause less prickle for 
greater next-to-skin comfort [290, 305, 306]. Hence, the textiles with finer fibres can have both 
high UV protection and good tactile comfort.   
4.4.5.2 Effect of yarn linear density on the UV protection of a row of yarns 
 
Figure 4- 11: Effect of yarn linear density on UV properties at wavelength of 350 nm (ࢊ ൌ ૛૙ࣆ࢓, 586 
T/m, ࢇ ൌ ૙Ǥ ૢ, ࢓ ൌ ૚Ǥ ૞૝). 
It can be seen in Figure 4- 11 that both the UV absorption and reflectance are increased with 
increasing yarn linear density, while the UV transmittance of yarns is decreased. Since the 
number of fibres that contribute to a single yarn were increased, the absorption and reflectance 
followed the same trend. As the yarn linear density was increased, the number of fibres in one 
layer and the number of fibre layers was increased. The UV reflectance was increased due to 
the increased number of fibres in one layer, and the UV transmittance was decreased due to the 
increased number of fibre layers. For a row of yarns with the same areal coverage of 100%, the 
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yarns with a larger yarn linear density provided a larger thickness of sample, so that the 
transmittance was decreased. The changed trends for UV absorption and reflectance of a row 
of yarns were in accordance with that of single yarn. Therefore, the UV protection of the yarns 
with a larger yarn linear density was better than that of the yarns with a smaller yarn linear 
density, when the areal coverage of the yarns in a row was constant.  
4.4.5.3 Effect of yarn twist on the UV protection of a row of yarns 
Figure 4- 12 shows that the UV absorption decreases, while both the UV reflectance and 
transmittance increases with increased yarn twist. Since both reflectance and transmittance 
increased, the absorption was decreased, according to the law of conservation of energy (the 
intensity summation of absorption, reflectance and transmittance equals to the incident light 
intensity). The low twist yarn would be bulky in appearance whereas the high twist yarn would 
be lean. A tighter packing of fibres within the yarn resulted in a larger area between the yarns 
where there was no fibre material to absorb or reflect light, so the UV transmittance was 
increased. When the twist angle was increased, the fibre density at unit yarn length was 
increased, and this resulted in the UV reflectance of a single yarn to be increased. Similarly, 
the reflectance of the yarns in a row also increased. Therefore, the yarns with a lower twist 
have a higher UV protection.  
 
Figure 4- 12: Effect of yarn twist on UV properties at wavelength of 350 nm (ࢊ ൌ ૛૙ࣆ࢓, 25 tex, ࢇ ൌ ૙Ǥ ૢ,  
࢓ ൌ ૚Ǥ ૞૝).  
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4.4.5.4 Effect of transmittance index on the UV protection of a row of yarns 
 
Figure 4- 13: Effect of transmittance index on UV properties at wavelength of 350 nm (ࢊ ൌ ૛૙ࣆ࢓, 25 
tex, 586 T/m, ࢓ ൌ ૚Ǥ ૞૝). 
Figure 4- 13 shows that the UV absorption decreases a little, while both the UV reflectance and 
transmittance increases slightly with the increase of fibre transmittance index. Based on Beer-
Lambert law [307], there is a relationship between absorption coefficient and transmittance 
index (transmittance at unit thickness). The absorption coefficient decreases with increasing 
transmittance index, so that this material becomes more transparent and light can penetrate the 
material more easily [308].  
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4.4.5.5 Effect of fibre refractive index on the UV protection of a row of yarns
 
Figure 4- 14: Effect of the ratio of refractive indexes (࢓) on UV properties at wavelength of 350 nm (ࢊ ൌ
૛૙ࣆ࢓, 25 tex, 586 T/m, ࢇ ൌ ૙Ǥ ૢ). 
The changing trend from ݉ ൌ ͳ to ݉ ൌ ʹ can be observed in Figure 4- 14. At a single yarn 
level, when the refractive index of material was increased, the UV absorption had negligible 
change. The reflectance was increased and the transmittance was decreased significantly. The 
refractive index is relevant to the wavelength which the incident light is at, and it decreases 
with increased wavelength. Light at a longer wavelength is diffracted more easily than those at 
the shorter wavelength, while light at a shorter wavelength is reflected more easily than those 
at the longer wavelength [309]. Hence, a material with a larger refractive index will reflect 
more light than that with a low refractive index. The definition of refractive index is the 
propagation speed of light in a medium [309]. So increasing the refractive index means the 
time of light propagation is reduced. The higher refractive index will reduce the capacity of 
transmittance of light through the material. When the yarn diameter and the areal coverage (of 
the yarns in a row) were constant, the UV properties of the yarns in a row have the same trends 
with those of a single yarn. Therefore, the materials with a larger refractive index have a higher 
UV protection. The refractive indexes of fibres are available in Table 17.1 in Wellington Sears 
Handbook of Industrial Textiles [310]. 
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4.4.5.6 The confirmation of optimised results  
 
Figure 4- 15: Confirming predicted results. 
From the work presented above, it can be assumed that the yarns with a finer fibre diameter, 
larger yarn linear density, lower twist, and a larger refractive index would have a higher UV 
protection. With the various linear relationships between these five factors and UV 
transmittance obtained from the model’s predicted results (Figure 4- 10 to Figure 4- 14), the 
derivatives of functions were calculated to acquire the order of importance of each factor. The 
order of importance from highest to lowest is m > a > fibre diameter > Tex > Twist. In terms 
of the factors influencing UV protection of yarns, the refractive index and transmittance index 
were used to represent the fibre type in this modelling work. Fibre diameter is also important 
as it has a moderate influence on UV protection. Yarn linear density and yarn twist have the 
lowest influence on UV protection levels.  
Based on the predictions from the optical model, and the calculation through the statistical 
model, the optimised fibre and yarn parameters were chosen as follows for a lightweight wool 
spring/summer knitted fabric with a high UV protection. For a lightweight wool yarns with a 
linear density of 25 tex and twist of 400 T/m, a mean fibre diameter less than 18.5 ȝm could 
provide a UPF value of 12 or more. This is close to the “good protection” level in the UPF 
classification system [292]. Figure 4- 15 shows the results of six yarns for confirming the 
predictive results. Considering the cost of finer diameter wool fibres, a larger yarn linear 
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density (40 tex) and lower twist (lower than 400 T/m) with a coarser diameter (less than 20 ȝm) 
could be chosen for getting a UPF value of 12 or more. 
4.4.6 Predicted effect of fibre cross-sectional shape on the UV protection of the 
yarns 
4.4.6.1 Different fibre cross-sections with a certain area and same areal coverage 
The difference of fibre shape could influence the design of various UV protective textile 
products. Effect of different fibre cross section shapes (circle, triangle and rectangle) on UV 
protection of fibres has been discussed in Chapter 3, under the conditions of the same cross-
sectional area and the same areal coverage, at the levels of one single fibre, a row of fibres, and 
several layers of fibres. What effect of fibre cross-sectional shape plays on the UV protection 
of a single yarn and a row of yarns is important to determine, if it should be considered for the 
UV protective fabric design. A fabric is made up from a regular arrangement of the yarns, and 
a row of yarns is the simplest arrangement of the yarns. Therefore, it is essential to investigate 
the effect of the fibre cross-sectional shapes on the UV protection of yarns under the condition 
of a row of yarns.  
The same assumptions that were used in Chapter 3 were considered in this study. The filaments 
were all made from one type of material. In this case, the fibre type (specific gravity, refractive 
index, and transmittance index at a certain wavelength) needed to be kept constant. The 
filament mass, length and fibre cross-sectional area were assumed to be constant. Also, the 
areal coverage (areal coverage of ʹݎכ for single fibre) was constant (Figure 4- 16). Different 
shapes (circle, triangle and rectangle) were varied to investigate which shape had the best UV 
protection. The values were assumed in Table 4- 5 (Table 3-7 in Chapter 3) for calculation. 
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Figure 4- 16 (3-19): A row of fibres with different cross-sectional shapes (keeping fibre type, mass, area, 
and areal coverage constant). 
Table 4- 5 (3-7): Parameters for fibres with different shapes 
Shape ࢘כ(ȝm) ࢈כ (ȝm) Area a ࢓
Circle 
Triangle 
Rectangle 
10 
10 
10 
ʹݎכ 
ߨݎכ 
ߨ
ʹ ݎ
כ 
ߨݎכଶ 
ߨݎכଶ 
ߨݎכଶ 
0.9 
0.9 
0.9 
1.54 
1.54 
1.54 
Notes: ࢘כis a half x-length, ࢈כis the y-length of the of the fibre cross-sectional shape, Area is cross-sectional area, 
a is the transmittance index, and ࢓ equals to the refractive index of fibre (because ݊௔௜௥ ൌ ͳ).  
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4.4.6.2 Comparison of UV protection of yarns among different fibre cross-sections 
 
 
Figure 4- 17: Comparison of UV protection of yarns among different fibre cross-sections: (a) is a single 
yarn; (b) is a row of yarns. 
These shapes above (with the same fibre type, mass, cross-sectional area, and areal coverage) 
were assumed to form a single yarn with the same yarn diameter. As shown in Figure 4- 17(a), 
it described that the different fibre cross-sectional shapes presented significant differences in 
UV absorption, transmittance and reflectance at a single yarn level. The differences of 
transmittance of ሺܿ݅ݎ݈ܿ݁ െ ݐݎ݈݅ܽ݊݃݁ሻ  and ሺݎ݁ܿݐ݈ܽ݊݃݁ െ ݐݎ݈݅ܽ݊݃݁ሻ  were 0.33 and 0.27, 
respectively. For a single yarn, the triangular shapes were superior to the other shapes examined, 
and the circular one provided the lowest UV protection.  
In Figure 4- 16, keeping the cross-sectional area and areal coverage constant, the triangle was 
an isosceles triangle but not an equilateral triangle. Hence, the results of a triangle could be 
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changed by varying the orientation of its apex angle. The orientation for the triangle in Figure 
4- 16 was straight up (ο). It was assumed that after turning in a clock-wise direction with 90°, 
the triangle was horizontal (ٲ); then continuing to rotate 90°clockwise, the triangle was 
inverted (׏).  
 
Figure 4- 18: Comparison of UV protection of a single fibre among different orientations for the triangles. 
After the calculation for these three orientations, the results showed that the latter two 
orientations gave better UV protection than the first one (straight up) (Figure 4- 18). This was 
due to total internal reflection occurring in the triangles with these two orientations (horizontal 
and inverted). Essentially, silk fibres in yarns and fabrics are packed in a combination of 
various orientations, including the three orientations discussed here. Accordingly, this result 
explains why silk yarns or fabrics appear more lustrous than many other fibres because of the 
triangular cross-sections and the greater possibility of total internal reflection occurring. 
Although all the fibres were packed in the same direction in the measurement frame (horizontal, 
vertical, left or right bias, or random), every packed orientation of a bundle of fibres included 
various orientations of fibre cross sections. This can explain why the statistical analysis results 
showed that the packed orientation had no significant effect on the UV absorption of a bundle 
of fibres. 
Therefore, following the results in Chapter 3 (Section 3.5.3.3), at the fibre level, different fibre 
cross-sectional shapes led to differences in UV protection properties of fibres, when they were 
packed in one layer. The differences in UV transmittance of fibres caused by the fibre cross-
sectional shapes increased firstly from 1 to 10-layers and then decreased as the fibre layer 
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increased from 10-layers to 30-layers. When fibres were arranged in an infinite thickness, there 
was little difference in UV absorption and reflectance (especially between circle and triangle). 
This was because there was no light passing through the infinite thickness of fibres, and the 
same material (fibre type) has the same UV absorptive capacity. This also explained why the 
orientation of the fibre array had no significant effect on UV absorption of the fibres, when the 
fibre samples were (with the same fibre type) with a thickness of 4.60 mm (a large thickness) 
and under the same areal coverage. The differences in the UV transmittance caused by fibre 
cross-sectional shapes were magnified from a single fibre to a single yarn. The transmittance 
difference of ሺܿ݅ݎ݈ܿ݁ െ ݐݎ݈݅ܽ݊݃݁ሻ  was increased from 0.14 to 0.33, and ሺݎ݁ܿݐ݈ܽ݊݃݁ െ
ݐݎ݈݅ܽ݊݃݁ሻ  was increased from 0.12 to 0.27. Consequently, it can be inferred that the 
differences caused by fibre cross-sectional shapes could be considered for the UV properties 
of textiles at a fabric level (a regular arrangement of yarns).  
In contrast, as shown in Figure 4- 17(b), at the level of a row of yarns with the same areal 
coverage (100%), number of yarns and yarn diameter, these three shapes had similar trends 
basically in transmittance and reflectance at a single yarn level. The triangular shapes still 
provided superior UV protection, but the differences in UV properties among these three 
shapes for a row of yarns tended to be much smaller than that for a single yarn. The 
transmittance differences of (ܿ݅ݎ݈ܿ݁ െ ݐݎ݈݅ܽ݊݃݁) and (ݎ݁ܿݐ݈ܽ݊݃݁ െ ݐݎ݈݅ܽ݊݃݁) were reduced 
to 0.08 and 0.06.  
It was found that the calculated value of difference in the UV transmittance, which was caused 
by fibre cross-sectional shapes, increased from a single fibre model to a single yarn model, but 
it decreased more from the situation of a single yarn to the situation of a row of yarns. This was 
due to more complicated situations when considering the effect of yarn twist and the light 
interaction between two adjacent yarns on the UV properties of the yarns in a row. These 
impacts could become more important for the situation of a row of yarns, compared with the 
effect of fibre cross-sectional shapes on the UV properties of yarns. Thus, the effect of fibre 
cross-sectional shapes could be weakened, while the parameters of yarns (such as yarn linear 
density, yarn twist and the UV light interaction between two adjacent yarns) contribute to the 
main factors affecting the UV protection of the yarns in a row. The yarns being arranged in a 
parallel row is the simplest structure form of fabrics. For the fabrics with more complex 
structures, the various arrangements of yarns play an important role in the UV protection of 
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fabrics. Therefore, it can be inferred that the effect of cross-sectional shapes on UV protection 
of fabrics is not apparent at the fabric level.  
4.5 Summary for yarn part study 
A statistical model has been presented to show the relationship between fibre and yarn 
parameters and the UV protection of yarns. An optical model was built to analyse the process 
of light penetrating through a single yarn (a bundle of fibres with a certain mass) and yarns in 
a row (considering the interaction between two adjacent yarns). Three independent parameters, 
mean fibre diameter, yarn linear density and yarn twist, were controlled both in the model 
calculations and experimental measurements, which were used to examine their effects on UV 
protective properties of yarns.  
The yarns with a finer fibre diameter, larger yarn linear density, lower twist, and a larger 
refractive index had a higher UV protection. The optimised parameter group for a lightweight 
spring/summer knitted fabrics with a moderate UV protection could be obtained: average fibre 
diameter <18 ȝm, yarn count 25 tex, yarn twist 400 T/m or average fibre diameter <20 ȝm, 
yarn count 40 tex, yarn twist 400 T/m. The yarns with these parameters can provide at least a 
UPF value of 12, which is close to a “good” classification of protection. The optimised 
parameters from the model’s prediction can serve as a guide for the design of UV protective 
fabric.   
Based on the predictive results from the shape model and yarn model, differences in the UV 
protection caused by fibre cross-sectional shapes were enlarged from the situation of a single 
fibre to the situation of a single yarn (a bundle of fibres with a certain number of fibre layers). 
However, the differences in the UV protection of yarns caused by fibre cross-sectional shapes 
decreased from the situation of a single yarn to the situation of the yarns in a row. Therefore, 
the fibre cross-sectional shapes would hardly cause a difference in the UV protection at a fabric 
level. 
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5 Influence of fabric parameters on UV protection of fabrics 
This chapter continues the research on the UV protection of textiles with a focus on the 
evaluation of fabric parameters. This chapter has been divided into two sections.  
In section one, the effect of fabric structure on UV protection was evaluated. Three types of 
yarns were investigated, including wool yarns, polyester filaments, and monofilament fishing 
lines. The results of the yarn and fabric experiments were analysed statistically to determine 
the significance of each of the fabric parameters. A theoretical model was developed to help 
explain the experimental results on the fabric UV protective properties. The significant 
parameters from the statistical analysis and optical model were then used to determine the level 
of UV protection for a knitted fabric. Undyed and untreated fabrics were used for all 
experiments as the presence of dyes and finishes can result in increased fabric UV absorption. 
Any UV protection benefits realised in an untreated and undyed fabric would only be enhanced 
by the addition of most dyes and finishes.  
In section two, the experiments were all conducted on knitted fabrics with variation in fabric 
structure. The factors varied to provide structural changes were: mean fibre diameter, yarn 
linear density, yarn twist, fabric cover factor and knit structure. Statistical analysis was then 
conducted on a number of fibre, yarn and fabric parameters to determine which parameters 
have the most influence on UV protection. These parameters included mean fibre diameter, 
yarn linear density, yarn twist, fabric cover factor, stitch density (courses and wales per unit 
length), thickness, mass per volume (bulk density), mass per area (areal density), area modulus 
of stitch, porosity and the space between loops. A statistical regression model was obtained for 
predicting UPF values of fabrics.  
An optical model for single jersey knitted fabric was constructed considering the effects of the 
fibre/yarn/fabric parameters on UV protection of fabrics from statistical study in this Chapter. 
Based on the factors derived in the previous experiments, the optical model for a single jersey 
fabric was developed to study the process and path that light rays take when penetrating through 
both a single loop of a knit and through a whole fabric. The interaction between UV light and 
fabric (arrangement of yarns or loops) can be understood by this modelling work. Five groups 
of wool fabrics were examined to test the ultraviolet protection factor (UPF) values and UV 
properties to verify the theoretical model. The optimised parameters may be obtained by 
combining the predictive results from both statistical and optical models for lightweight 
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spring/summer knitting fabrics design. This study can serve as guidelines about how to 
organise the fabric structure to enhance UV protective properties, rather than by dyeing or 
treating the fabrics using chemicals. 
5.1 Study on the effect of fabric structure on UV protection of fabrics 
5.1.1 Experiments 
5.1.1.1 Sample preparation
A cardboard frame (with an open area dimension of 20 × 20 mm2) was used as the sample 
holder for yarn during measurement. Each yarn type was arranged in parallel with a fixed 
spacing between each yarn to cover the open area of the frame. The yarns tested included wool 
yarns, polyester filaments, monofilament fishing lines. The number of yarns covering the width 
of the frame was controlled by experiment design. Rationale for the number of yarns and 
spacing has been given in each of the relevant experimental sections.  
For the thickness group 1 experiments, wool yarns with different yarn linear density from 12 
to 40 tex were used. A constant mass of yarn (2 g) was used with the yarn length (ܻܮ) obtained 
from Eq.5- 1, which was the formula used for calculating yarn linear density [287]. 
 ௧ܶ ൌ ͳͲͲͲ ൈ ீೖ௒௅                                                                    Eq.5- 1 
where, ௧ܶ is the yarn linear density (tex, the actual yarn linear density was measured), ܩ௞is the 
mass of the yarn (g), and ܻܮ is the yarn length (m). Wool yarns were wound on a type 161 
wrap reel (Mesdan LAB, Italy) to obtain the calculated number of yarns across the width of the 
measurement frame. Each revolution of the wrap reel equated to one of the yarns in the 
measurement frame window. The yarns wound on the wrap reel were stuck directly on the 
measurement frame window before they were removed from the wrap wheel as this allowed 
an even sample density and spacing. The number of yarns for the 12, 18, 25, 30 and 40 tex 
wool yarns was 160, 109, 80, 64, and 50, respectively. 
For the thickness group 2 experiments, polyester filaments were put in the frame with variation 
in the number of layers from 1 to 8. The filaments were placed so that they had a 100% areal 
coverage per layer in the frame. The number (ܰ) of the filaments, yarns, or monofilament 
fishing lines was calculated by Eq.5- 2: 
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ܰ ൌ ௙௥௔௠௘௪௜ௗ௧௛஽೤ೌೝ೙                                                               Eq.5- 2 
where, yarn diameter (ܦ௬௔௥௡) was obtained using Eq.5- 3 [287]:  
ࡰ࢟ࢇ࢘࢔ ൌ ට ૝૚૙૜࣊ ൈ
ࢀ࢚
࣌ ൌ ૙Ǥ ૙૜૞૟ૡ ൈ ට
ࢀ࢚
࣌                                             Eq.5- 3 
where, ܦ௬௔௥௡ is the yarn diameter (mm), ௧ܶ is the yarn linear density (tex), and ߪ is bulk 
density of the yarn (1.38 g/cm3 for polyester, and 0.75 g/cm3 for worsted wool yarns [287]). 
The number of the polyester filaments per layer was 118. 
For the thickness group 3 experiments, wool yarns with different yarn linear densities were 
placed into the frame with 100% areal coverage. The number of yarns was calculated from 
Eq.5- 2, and the results were 140, 112, 97, 88 and 78 for the 12, 18, 25, 30, and 40 tex wool 
yarns, respectively. 
For the yarn count group experiments, two layers of 0.286 mm diameter and one layer of 0.573 
mm diameter monofilament fishing lines were prepared in the frame for comparison. Similarly, 
two layers of 0.370 mm diameter and one layer of 0.775 mm diameter monofilament fishing 
lines were in the second comparison group, and two layers of 39.96 ȝm diameter and one layer 
of 58.47 ȝm diameter filaments were used in the third comparison group. The areal coverage 
was also 100% for all samples, and the numbers of fishing lines per layer calculated from Eq.5- 
2 and were 70, 54, 35 and 26 from finest to coarsest yarn diameters. The numbers of extrude 
filaments per layer placed in the frame were 53 and 22 respectively, according to Eq.5- 2. 
5.1.1.2 Materials 
Six types wool knitted fabrics were used to investigate the effect of structure on UV protection 
of fabrics. These fabrics were knitted at the CSIRO in Australia on a 14 gauge flatbed knitting 
machine (Shima Seiki Ltd., Japan) using the same yarn parameters, and with controlled fabric 
structure, cover factor, and loop length. The yarns used had a mean fibre diameter of 22.9 ȝm, 
were made up of 3 ends of 1/40 Nm yarn count and 586 T/m of yarn twist. The knitted fabrics 
were single needle eyelet (cover factor setting 1.52 tex1/2mm-1) and double needle eyelet (cover 
factor setting 1.52 tex1/2mm-1), and were for the discussion of structure group 1; Single jersey 
(cover factor setting 1.47 tex1/2mm-1) and single jersey pique (cover factor setting 1.44 
tex1/2mm-1) were for the discussion of structure group 2; Single jersey (cover factor setting 1.52 
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tex1/2mm-1) and 2ൈ2 Rib (cover factor setting 1.52 tex1/2mm-1) were for the discussion of 
structure group 3. 
The wool yarns used for the thickness group experiments were spun from the same untreated, 
undyed wool top (17.5 ȝm mean fibre diameter). Yarn spinning was done at the CSIRO 
laboratory based at Deakin Waurn Ponds campus, with a constant twist of 586 T/m and varied 
yarn linear density: 12 tex, 18 tex, 25 tex, 30 tex, and 40 tex.  
Polyester multi-filaments used for the thickness group experiments had a count of 77 dtex and 
an optical microscope measured diameter of 0.17 mm. The number of filaments per layer was 
118 in the frame using Eq.5- 2.  
The monofilament fishing lines for yarn count group of experiments were TIDAL® brand 
(Ray’s Outdoors, Australia) with optical microscope measured diameters of 0.286, 0.370, 
0.573 and 0.775 mm.  
The polyester multi-filament yarns used for the yarn count group of experiments were extruded 
from ASTAPET PET 80 NAT (Marplex Australia Pty. Ltd., Australia) using a Yellow Jacket 
single screw extrusion line (Wayne machine & die company, New Jersey, USA). The extruder 
temperature was Zone1: 266 °C, Zone2: 268 °C, DieZone1: 268 °C, DieZone2: 268 °C, and 
DieZone3: 281 °C. The winder take off speed was 200 m/min and the die had 18, 500 μm 
diameter holes. The screw revolution speed (RPM) was varied to control the diameter of the 
filament. The diameters and corresponding screw speed setting were 30.96 μm (15 RPM) and 
58.47 μm (55 RPM). The microscope measured yarn diameter for these two continuous 
filament bundles were 0.379 mm and 0.946 mm respectively. 
Before all tests, all yarn and fabric samples were conditioned for at least 24 hours in a relative 
humidity of 65% ± 2% and a temperature of 20 ± 2 °C. 
5.1.1.3 Methods
Similar to that used in Chapters 3 and 4, diffuse transmittance (T%) and diffuse reflectance 
(DR) spectra were measured using a CARY 300 Bio UV-VIS spectrophotometer (Varian, Inc., 
USA). UPF values of fabrics were measured according to AS/NZS4399 using a YG902, UPF 
and UV penetration Projection Measurement System (Fangyuan Instrument (DG) Co., Ltd, 
China). The mean and standard error were recorded for each measurement. Standard error is 
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estimated by the sample estimate of the sample standard deviation divided by the square root 
of the sample size. 
Fibre diameter was measured using an OFDA 2000 fibre diameter measurement system (BSC 
Electronics PTY LTD, Australia). The yarn linear density was measured using a type 161 wrap 
reel (Mesdan Lab, Italy). The diameters of wool yarns were calculated from Eq.5- 3. The yarn 
diameters of filaments were measured with a DP70 optical microscope (Olympus Optical Co., 
Ltd., Japan). The loop length, width and the number of loops in the course and wale direction 
on the knitted fabrics were measured using the same Olympus® DP70 microscope. 
The fabric thickness was measured using a thickness tester (Max 12.7 mm, resolution 0.01 mm) 
(Mesdan Lab, Italy), and the weight of fabric samples was measured using a shielded balance 
(Max 220 g, resolution 0.1 mg) (Mettler Toledo Ltd., Switzerland).  
5.1.2 Results and discussion about the effect of fabric structure on UV 
protection 
5.1.2.1 Effect of fabric thickness 
The effect of fabric thickness was analysed using a series of experiments with yarn samples 
arranged to form a layer that simulated a fabric layer. These yarns were arranged parallel in 
measurement frames, in three thickness groups. 
(1) Thickness group 1 
In this experiment, thickness of the yarn layer was controlled by changing the diameter of the 
yarn (Figure 5- 1). The total mass of the yarns covering the measurement window in yarn 
samples 1 (thickness 1) and yarn samples 2 (thickness 2) were the same. The thickness was 
increased from thickness 1 (ࢊ૚) to 2 (ࢊ૛), which was caused by increasing yarn linear density, 
but as the linear density increased the areal coverage was decreased: areal coverage 2 < areal 
coverage 1 (=100%).   
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Figure 5- 1: Diagram for the thickness group 1 experiment (here ࢊ૚andࢊ૛ mean the yarn diameter and ࡸ 
is the unit length). 
Wool yarns with different yarn linear densities from 12 tex to 40 tex were used in this 
experiment. The total yarn mass was the same for each of the frames. The UV transmittance 
and reflectance results are shown in Figure 5- 2, and the UPF values and UVA, UVB 
transmittance results are shown in Figure 5- 3. 
[CHAPTER FIVE] 
115 
 
Figure 5- 2: (a) UV transmittance and (b) UV reflectance of yarns with a contant mass but varying yarn 
linear density.  
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Figure 5- 3: (a) Ultraviolet protection factor (UPF) and (b) UVA and UVB transmittance of yarns with a 
constant mass but different yarn linear densities.  
As yarn linear density was increased, the number of yarns within the frame was reduced to 
achieve the same mass as that of a yarn with low linear density. This resulted in a reduced areal 
coverage of the yarns in the frame, so that the UV transmittance was increased and the UV 
reflectance was decreased (Figure 5- 2). Similarly, the UPF value was decreased with 
increasing yarn linear density, when the yarn mass was constant. Although the thickness was 
increased, the UV protection was reduced, when the total yarn mass was kept constant. 
Therefore, it can be inferred that when the fabric mass was constant, the yarn with a smaller 
yarn linear density was more suitable to achieve a higher UV protection for fabrics. This is 
very relevant to fabric as fine gauge knitted fabrics will have a higher UV protection than a 
course gauge knitted fabric of the same areal mass.  
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The specific mathematic relationships between the increasing yarn linear density and 
decreasing UV protection can be calculated based on the simple model (Figure 5- 1). It was 
assumed that these yarns had the same yarn length, and a relationship between two yarn 
diameters was assumed to be ݀ଶ ൌ ݊ ή ݀ଵ. Consequently, there were the relationships between 
these two kinds of yarns, including cross-sectional area: ܣଶ ൌ ݊ଶ ή ܣଵ, volume: ଶܸ ൌ ݊ଶ ή ଵܸ, 
mass: ܯଶ ൌ ݊ଶ ή ܯଵ. So when the mass of these two yarns was constant, the numbers of yarns 
in the frame were different ( ଵܰ ൌ ݊ଶ ή ଶܰ ). So the areal coverage ( ൌ
௡௨௠௕௘௥௢௙௬௔௥௡௦ൈ௬௔௥௡ௗ௜௔௠௘௧௘௥
௨௡௜௧௟௘௡௚௧௛ ) of the fabric can be expressed as: ܽݎ݈݁ܽܿ݋ݒ݁ݎܽ݃݁ଵ ൌ ݊ ή
ܽݎ݈݁ܽܿ݋ݒ݁ݎܽ݃݁ଶ. This relationship of the areal coverage indicates that when the yarn mass 
was constant, the yarns with a larger yarn linear density had lower areal coverage. A lower 
areal coverage had lower UV protection as there was more space between the yarns for the 
same mass of fibres absorbing UV. At the fabric level, when the mass of fabric was constant 
and ݐ݄݅ܿ݇݊݁ݏݏଶ ൌ ݊ ή ݐ݄݅ܿ݇݊݁ݏݏଵ, there was a relationship for the fabric bulk density (mass 
per volume) that ܤݑ݈݇݀݁݊ݏ݅ݐݕଵ ൌ ݊ ή ܤݑ݈݇݀݁݊ݏ݅ݐݕଶ. Therefore, even though the thickness 2 
was larger than thickness 1, the lower fabric bulk density determined the fabric UV protection 
level. 
(2) Thickness group 2 
In this experiment, the thickness and mass of the yarn layer were varied, while the yarn linear 
density, areal coverage (to simulate fabric cover factor) and the arrangement (to simulate 
constant fabric structure) were kept constant. The thickness change was achieved by adding 
additional yarn layers, so both the thickness and mass were increased concurrently (Figure 5- 
4). 
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Figure 5- 4: Diagram for the thickness group 2 experiment (here ࢊ means the yarn diameter and ࡸ is the 
unit length). 
Polyester filaments (77 dtex) were prepared in the measurement frames with variable thickness 
controlled by the number of yarn layers from 1 to 8. The UV transmittance and reflectance 
results are shown in Figure 5- 5 and the UPF values in Figure 5- 6.  
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Figure 5- 5: (a) UV transmittance and (b) UV reflectance of filaments with a varying number of yarn 
layers. 
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Figure 5- 6: (a) Ultraviolet protection factor (UPF) and (b) UVA and UVB transmittance of filament 
samples with a constant yarn linear density and areal coverage but different yarn layers (from 1 to 8 
layers). 
As expected, the UV transmittance was decreased with increasing filaments layers that were 
added to the samples within the frame. It was found that the UV reflectance was increased with 
increasing filament layers, although the areal coverage for all of these samples was 100%. This 
was due to the addition of one layer creating the possibility that the filaments in lower layers 
reflecting transmitted light from the upper layer back up through the upper layer. The increased 
layers resulted in more filaments absorbing UV light, so that thicker samples had larger UPF 
values. 
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(3) Thickness group 3 
In this experiment, the areal coverage (to simulate fabric cover factor) and the arrangement (to 
simulate constant fabric structure) were kept constant. The thickness change was achieved by 
increasing the yarn mass and yarn linear density. In Figure 5- 7, the thickness value of yarn 
samples 2 (thickness 2) is larger than that of yarn samples 1 (thickness 1) (݀ଶ ൐ ݀ଵ). This 
differs from the situation of thickness group 1. In group 3 the thickness was increased by 
increasing yarn linear density and also the yarn mass, when the areal coverage was kept 
constant ( ܽݎ݈݁ܽܿ݋ݒ݁ݎܽ݃݁ଵ ൌ ܽݎ݈݁ܽܿ݋ݒ݁ݎܽ݃݁ଶ ൌ ͳͲͲΨ ). In contract, in group 1, the 
thickness was also increased by increasing yarn linear density, but the areal coverage was 
changed, when the mass was constant. 
 
Figure 5- 7: Diagram for the thickness group 3 experiment (here ࢊ૚ and ࢊ૛mean the yarn diameter and 
ࡸ is the unit length). 
Wool yarns with different yarn linear densities (from 12 tex to 40 tex) were tested in this 
thickness group experiments. Since the yarn linear density was increased, the yarn diameter 
was increased. In order to maintain the same areal coverage, the number of yarns with 
increasing yarn linear density was decreased. The test results are shown in Figure 5- 8 and 
Figure 5- 9. 
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Figure 5- 8: (a) UV transmittance and (b) UV reflectance of wool yarns with a content areal coverage but 
varying yarn linear density. 
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Figure 5- 9: (a) Ultraviolet protection factor (UPF) and (b) percentages of UVA and UVB transmittance 
of wool yarn samples with a constant areal coverage but different yarn linear densities.  
From Figure 5- 8, it can be found that the UV transmittance was decreased as yarn linear density 
increased, when the areal coverage of the yarns within the frame was kept constant. There was 
no significant difference in UV reflectance among the yarns with varying yarn linear density, 
when the areal coverage was constant. The UPF values increased slightly with increasing yarn 
linear density (Figure 5- 9), when the areal coverage was constant. It means changing the yarn 
linear density in a single layer fabric with 100% areal coverage can result in a small change in 
UPF values. Similarly, for the situation of thickness group 1 experiments, the results can be 
explained by the mathematic calculation based on the simple model (Figure 5- 7). There were 
the same assumptions: these yarns had the same yarn length, and there were ݀ଶ ൌ ݊ ή ݀ଵ . 
Consequently, the relationships were cross-sectional area for the single yarn: ܣଶ ൌ ݊ଶ ή ܣଵ, 
[CHAPTER FIVE] 
124 
volume: ଶܸ ൌ ݊ଶ ή ଵܸ, mass: ܯଶ ൌ ݊ଶ ή ܯଵ. However, for the situation of thickness group 3 
experiments, the areal coverage of these two kinds of yarns was constant, the number of yarns 
in the frame should be ଵܰ ൌ ݊ ή ଶܰ , since there were  ൌ
௡௨௠௕௘௥௢௙௬௔௥௡௦ൈ௬௔௥௡ௗ௜௔௠௘௧௘௥
௨௡௜௧௟௘௡௚௧௛ , and ଵܰ݀ଵ ൌ ଶܰ݀ଶ. At the fabric level, when the areal coverage 
was constant andݐ݄݅ܿ݇݊݁ݏݏଶ ൌ ݊ ή ݐ݄݅ܿ݇݊݁ݏݏଵ, the mass of fabric 1 was ܯଵ ଵܰ and the mass 
of fabric 2 was ܯଶ ଶܰ, thus there was a relationship for the fabric bulk density (mass per volume) 
that ܤݑ݈݇݀݁݊ݏ݅ݐݕଵ ൌ ܤݑ݈݇݀݁݊ݏ݅ݐݕଶ.  
Therefore, when the fabric bulk density was the same, the thicker fabric can offer a lower UV 
transmittance, hence a higher UPF value. This explains why the yarns with a larger linear 
density can provide a higher UV protection, when the areal coverage of yarns was constant. 
When the fabric bulk density was the same and the cover factor was constant, the yarns with 
different yarn linear density had similar UV reflectance due to the same percentage of fibres to 
the fabric volume. In summary, when the fabric structure and cover factor were constant, the 
UV protection can be increased a little by the method of increasing yarn linear density. 
5.1.2.2 Effect of yarn count 
In this experiment, the total yarn mass, thickness and areal coverage (to represent fabric cover 
factor) were kept constant, while the yarn count was varied. This experiment was to investigate 
the effect of yarn count on the UV protection of fabrics. As shown in Figure 5- 10, there is the 
relationship for yarn diameters: ݀ଶ ൌ ʹ ൈ ݀ଵ, so the thickness of these two yarn samples was 
assumed to be the same. The areal coverage of them was also the same (ܽݎ݈݁ܽܿ݋ݒ݁ݎܽ݃݁ଵ ൌ
ܽݎ݈݁ܽܿ݋ݒ݁ݎܽ݃݁ଶ ൌ ͳͲͲΨ).  
 
Figure 5- 10: Diagram for the yarn count group experiment (here ࢊ૚and ࢊ૛ mean the yarn diameter, and 
ࡸ is the unit length).
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Monofilament fishing lines and polyester multi-filaments with different yarn counts were used 
in this experiment. For the fishing lines, the filament diameter of #3 (0.573 mm) approximately 
equated to the double of the filament diameter of #1 (0.286 mm). Similarly, there were the 
filament diameter of #4 (0.775 mm) ൎ ʹ ൈ #2 (0.370 mm) for fishing line, and the filament 
diameter #6 (0.946 mm) ൎ ʹ ൈ #5 (0.379 mm) for the polyester filaments (the thickness of one 
layer of #3, #4, and #6 equated to double layers of #1, #2 and #5 respectively). The 
measurement results are shown in Figure 5- 11 and Figure 5- 12. 
 
Figure 5- 11: UV transmittance and UV reflectance of fishing line and filament samples with the same 
areal coverage and the same thickness in yarn count group. (a) UV transmittance of fishing line samples: 
double layers of #2 (0.370 mm) and #4 (0.775 mm); (b) UV reflectance of fishing line samples: double 
layers of #2 (0.370 mm) and #4 (0.775 mm); (c) UV transmittance of filament samples: double layers of #5 
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(39.96 ȝm) and #6 (58.47 ȝm); (d) UV reflectance of filament samples: double layers of #5 (39.96 ȝm) and 
#6 (58.47 ȝm). 
 
Figure 5- 12: Ultraviolet protection factor (UPF) and UVA and UVB transmittance of fishline and 
filament samples with the same aral coverage and the same thickness: (a) UPF values; (b) UVA and UVB 
transmittance. The samples from left to right are: double layers of #1 (0.286 mm) fishline, one layer of #3 
(0.573 mm) fishline, double layers of #2 (0.370 mm) fishline, one layer of #4 (0.775 mm) fishline, double 
layers of #5 (39.96 ȝm) filament and one layer of #6 (58.47 ȝm) filament. 
Two layers of the fishing lines or filaments with a smaller diameter had the same thickness as 
one layer of the ones with a larger diameter. The UV transmittance of the fishing lines or 
filaments with a larger diameter was larger than that of the double layers of the ones with a 
smaller diameter (Figure 5- 11). In contrast, the UV reflectance of the fishing lines or filaments 
with a larger diameter was lower than that of the double layers of the ones with a smaller 
[CHAPTER FIVE] 
127 
diameter. Figure 5- 12 shows the two layers of the fishing lines or filaments with a smaller 
diameter have a larger UPF value than one layer of larger diameter ones.  
Similarly, for the situations of thickness group 1 and 3 experiments, the mathematic calculation 
based on the simple model in Figure 5- 10 could give the relationships for the mass and volume 
for the single yarn and the fabric bulk density. There were the same assumptions: these yarns 
had the same yarn length, and there was ݀ଶ ൌ ʹ ൈ ݀ଵ . Consequently, there were the 
relationships that cross-sectional area for the single yarn: ܣଶ ൌ ʹଶ ή ܣଵ, volume: ଶܸ ൌ ʹଶ ή ଵܸ, 
mass: ܯଶ ൌ ʹଶ ή ܯଵ. The areal coverage of these two kinds of yarns was the same, the number 
of yarns in the frame should be ଵܰ ൌ ʹଶ ή ଶܰ, due to the relationship of ேభଶ ݀ଵ ൌ ଶܰ݀ଶ. At the 
fabric level, when the areal coverage was constant andݐ݄݅ܿ݇݊݁ݏݏଶ ൌ ݐ݄݅ܿ݇݊݁ݏݏଵ, the mass of 
fabric 1 was ܯଵ ଵܰ and the mass of fabric 2 was ܯଶ ଶܰ, thus there was the relationship for the 
fabric bulk density (mass per volume) that ܤݑ݈݇݀݁݊ݏ݅ݐݕଵ ൌ ܤݑ݈݇݀݁݊ݏ݅ݐݕଶ. Therefore, from 
the calculation, it was found that both bulk density (was consistent with the percentage of fibres 
in the unit fabric volume) and thickness were constant.  
Why did the double layers of the yarns with a smaller diameter have higher UV protection than 
one layer of the yarns with a larger diameter? A hypothesis for this is: one layer of yarns was 
added to increase the possibility of the yarns to reflect more UV; on the other hand, one layer 
of yarns were added to make a tighter arrangement of the yarns, which increased the areal 
coverage of the yarns relatively. The fixed mass model in Chapter 3 (Section 3.4.3) can be 
helpful to explain the reason. Two layers of fibres with a diameter of 10 ȝm and one layer of 
fibres with a diameter of 20 ȝm, were involved in the fixed mass model calculation. After 
calculation, it was found that the transmittance of 10 ȝm fibres was lower than that of 20 ȝm 
fibres, and the reflectance of 10 ȝm fibres was higher than that of 20 ȝm fibres. Therefore, this 
theoretical calculation confirmed the results of the comparison between these two yarn counts. 
When the mass, thickness and areal coverage of yarns (representing cover factor for fabrics) 
were constant, the double layers of the yarns with a smaller yarn count had better UV protection 
than one layer of the yarns with a larger yarn count.  
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5.1.2.3 Effect of fabric structure 
(1) Structure group 1 
In this experiment, the yarn linear density, mass of fabric, thickness and cover factor setting 
were kept constant, while the fabric structure was varied. The cover factor is an important 
factor that affects the UV protection of fabrics [212, 213], since it determines the ratio covered 
by fibre/yarn to total fabric area. The theoretical UPF value can be calculated by equation 
(Eq.5- 4) [214, 311 pp.328].
	 ൌ ଵ଴଴ଵ଴଴ିி௔௕௥௜௖௖௢௩௘௥௙௔௖௧௢௥                                                    Eq.5- 4 
The UV protection was increased with the increase in cover factor, since more fibres can block 
the UV light from reaching the fabric surface. However, the UV protection was also affected 
by many other factors at the same time. Eq.5- 4 may be used to undertake a rough calculation 
of the UPF value, but would not be suitable for knitted fabrics, which have more complex loop 
structures.  
One of the critical variables that can affect the space between yarns is the fabric structure. 
Figure 5- 13 displays the possibilities for gaps between the yarns in two different fabric 
structures, when the yarn count, yarn mass, thickness and areal coverage of yarns were kept 
constant. Figure 5- 13, Figure 5- 16 and Figure 5- 19 show the simple sketches, where the 
circles represent the cross sections of the yarns in the fabric, and the arrangement of the yarns 
is the simplified fabric structure for the discussion, but they were not the actual organization 
of the yarns in the fabrics.  
In Figure 5- 13, ݀ means the yarn diameter, which is also simplified to represent the fabric 
thickness. Two different arrangements of the yarns in an alignment represented two different 
structures. For Figure 5- 13, the areal coverage can be calculated simply using the equation of 
 ൌ ௡௨௠௕௘௥௢௙௬௔௥௡௦ൈ௬௔௥௡ௗ௜௔௠௘௧௘௥௅ . The number of the yarns for these two 
structures was the same, hence the ratio between the area covered by yarns and the total area 
(areal coverage) was the same for these two structures. This areal coverage simulated the fabric 
cover factor at fabric level. 
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Figure 5- 13: Diagram for the structure group 1 experiment (here ࢊ means the yarn diameter and ࡸ is the 
unit length of the fabric). 
Two knitted fabrics with different fabric structures, single needle eyelet and double needle 
eyelet, met the approximate requirements for the structure group 1 experiment. These two 
fabrics had the same yarn linear density (3 ends 1/40 Nm wool yarn), similar mass of fabric, 
similar thickness and the same cover factor setting. The test results of UV transmittance, 
reflectance and UPF values of these two fabrics are shown in Figure 5- 14, where “#1 SNE” 
means single needle eyelet, and “#2 DNE” means double needle eyelet. 
 
Figure 5- 14: The percentage of UV transmittance and UV reflectance of fabrics #1 and #2 in structure 
group 1: (a) UV transmittance; (b) UV reflectance.  
In Figure 5- 14, it was found that the UV transmittance of #1 SNE was larger than #2 DNE, 
and the UV reflectance of #1 SNE was similar to #2 DNE. The reason can be analysed from 
the physical properties of these two structure fabrics. The knitted structures for the fabrics #1 
SNE and #2 DNE are shown in Figure 5- 15.  
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Figure 5- 15: Fabrics #1 SNE (single needle eyelet) and #2 DNE (double needle eyelet) knitted structure 
diagram.  
The masses per area of #1 SNE and #2 DNE were 359.5 g/m2 and 379.6 g/m2, and the 
thicknesses were 2.389 mm and 2.647 mm, respectively. Fabric thickness, mass per unit 
volume, cover factor and fabric porosity are inter-related. Any changes to one of these factors 
may result in changes in others. Therefore, the fabric mass and thickness of these two fabrics 
can only be similar, although the theoretical cover factor and loop length were set to be the 
same. The measured thickness and mass per unit area of these two fabrics reveal that the double 
needle eyelet was a little thicker and heavier than the single needle eyelet, and this explained 
the lower UV transmittance of double needle eyelet.   
The knitting machine settings for these two fabrics were 28 and 34 courses per inch, 16 and 15 
wales per inch, the loop length: 5.7 mm and 5.7 mm, and the cover factor setting: 1.52 tex1/2mm-
1. The theoretical cover factor setting for knitted fabric was gained using the definition of cover 
factor (ܥܨ) as shown in Eq.5- 5 [312]: 
ܥܨ ൌ ඥ ೟்௅௢௢௣௟௘௡௚௧௛                                                               Eq.5- 5 
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where, ௧ܶ is yarn linear density in tex and loop length is in mm. Thus, the cover factor is only 
related to yarn linear density and loop length. Here the cover factor calculated from Eq.5- 5 
was the constant used in setting the knitting machine. The theoretical cover factor of these two 
fabrics was the same, and their mass per unit area was similar, hence the fibre coverage on the 
fabric surface was similar. Therefore, #1 SNE and #2 DNE had the similar UV reflectance 
(Figure 5- 14).  
(2) Structure group 2 
In this experiment, the yarn linear density, mass of fabric and cover factor setting were kept 
constant. While, the fabric structure was varied, and the change of structure caused a change 
in thickness. Figure 5- 16 shows that the difference in the arrangement of the yarns causes the 
difference in the structure, and it also leads to the thickness change. In Figure 5- 16, the same 
number of circles (yarns) in two structures indicates these two fabrics have the same mass, and 
the different yarn placements show the two different fabric structures. This situation can 
explain how the yarn arrangement (to simulate structure change at the fabric level) can be 
changed to impact on a fabric’s UV protection, when the yarn count, yarn mass and areal 
coverage of yarns (representing cover factor at the fabric level) were kept constant. In Figure 
5- 16, the thickness of structure 2 was larger than that of structure 1 (thickness 2 > thickness 
1). Since the number of the yarns for these two structures was the same, the ratio of the area 
covered by yarns (areal coverage) to the total unit length (ܮ) was the same for both structures.  
 
Figure 5- 16: Diagram for the structure group 2 experiment (here ࢊ means the yarn diameter and ࡸ is the 
unit length of the fabric). 
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It is difficult to find suitable fabrics that precisely match the requirements for structure group 
2 experiments. Hence, two knitted fabrics, single jersey (#3 SJ) and single jersey pique (#4 
SJP), were used in these experiments. Here, the drawings of structures 1 and 2 (Figure 5- 16) 
cannot exactly describe the specific knitted structures of #3 SJ and #4 SJP, but they have been 
used to show the simplified forms of the structures by organising the yarn arrangement. The 
actual loop structures of the knitted fabrics #3 SJ and #4 SJP are shown in Figure 5- 18. 
These two fabrics #3 SJ and #4 SJP were knitted from yarns with the same linear density of 75 
tex (3 ends 1/40 Nm wool yarn). Although the mass per area of #3 SJ (271.6 g/m2) was smaller 
than that of #4 SJP (344.5 g/m2), the mass per volume of them was the same (both were 0.18 
g/cm3). Hence, they can be realized that they had the same fabric mass. The difference in their 
thicknesses was caused by the structure changing from single jersey (#3 SJ) to single jersey 
pique (#4 SJP), and the thickness of 1.530 mm for #3 SJ was changed to 1.900 mm for #4 SJP. 
They had a similar cover factor setting, and #3 SJ and #4 SJP were knitted with 1.47 tex1/2mm-
1 and 1.44 tex1/2mm-1, respectively. The test results of UV transmittance, reflectance of these 
two fabrics are shown in Figure 5- 17, where “#3 SJ” means single jersey, and “#4 SJP” means 
single jersey pique. 
 
Figure 5- 17: The percentage of UV transmittance and UV reflectance of fabrics #3 and #4 in structure 
group 2: (a) UV transmittance; (b) UV reflectance.  
In Figure 5- 17, it was found that the UV transmittance of #3 SJ was larger than #4 SJP, and 
the UV reflectance of #3 SJ was similar to #4 SJP. This can be explained based on their 
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different physical properties caused by their structures. The knitted structures for the fabrics #3 
SJ and #4 SJP are shown in Figure 5- 18.  
 
Figure 5- 18: #3 SJ (single jersey) and #3 SJP (single jersey pique) knitted structure diagram. 
The mass per area of #3 SJ was lower than #4 SJP, and the thickness of #3 SJ was smaller than 
#4 SJP. Since more light can easily penetrate the thinner fabric with a lower surface density, 
#3 SJ had a higher UV transmittance than #4 SJP (Figure 5- 17). The knitting machine settings 
for these two fabrics were 22 and 26 courses per inch, 17 and 15 wales per inch, and a loop 
length: 5.9 mm and 6.0 mm. When two knitted fabrics have the same areal density, but the 
yarns used for them are with different yarn linear densities, the tightness of them are different. 
Area modulus of stitch (ܭ) is to represent the tightness of the knitted fabrics [287 pp.226]. 
According to the Eq.5- 6 [287 pp.226] (where, ܦ௬௔௥௡ is yarn diameter in mm, and loop length 
is in mm), area modulus of stitch (ܭ) of #3 SJ was 5.07 and that of #4 SJP was 5.22. Hence, 
the tightness of them was similar. 
ܭ ൌ ௅௢௢௣௟௘௡௚௧௛஽೤ೌೝ೙                                                                Eq.5- 6 
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Both fabrics had similar values for cover factor. This indicated that although the courses and 
wales were different, these two fabrics had a similar surface area covered by fibres due to the 
arrangement and the interlaced formation of the loops, hence explaining the similarity observed 
in UV reflectance (Figure 5- 17). The minor differences between these two fabrics in area 
modulus of stitch and cover factor had a negligible effect of UV reflectance. 
(3) Structure group 3 
In this experiment, the yarn linear density and cover factor setting were kept constant, while 
the fabric structure was varied. Here, the structure change caused the changes in both thickness 
and mass. Figure 5- 19 shows the impact of structure on the UV protection, when the yarn 
count and areal coverage of yarns were kept constant. The thickness of structure 2 was larger 
than that of structure 1 (thickness 2 > thickness 1). The number of the yarns for structure 2 was 
more than that for structure 1, thus the mass of structure 2 was larger than that of structure 1. 
The areal coverage by yarns was the same for both structures.  
 
Figure 5- 19: Diagram for the structure group 3 experiment (here d means the yarn diameter). 
The two fabrics used in this experiment had the same yarn linear density of 75 tex (3 ends 1/40 
Nm wool yarn), and the same cover factor setting (both fabrics were knitted with 1.52 tex1/2mm-
1). The difference in the structure between these two fabrics caused the difference in their 
thicknesses and masses. The masses per area of #5 SJ (single jersey) and #6 RIB (2×2 rib) were 
284.1 g/m2 and 467.1 g/m2. Their masses per volume were 0.18 g/cm3 and 0.16 g/cm3 and the 
thicknesses were 1.585 mm and 2.975 mm. The test results of UV transmittance and reflectance 
are shown in Figure 5- 20. 
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Figure 5- 20: (a) UV transmittance and (b) UV reflectance of fabrics #5 and #6 in structure group.  
In Figure 5- 20, the UV transmittance of #5 SJ was larger than #6 RIB, and the UV reflectance 
of #5 SJ was a little larger than #6 RIB. These results can be explained by their different 
physical properties caused by the structures. The knitted structures for the fabrics #5 SJ and #6 
RIB are shown in Figure 5- 21. 
 
Figure 5- 21: #5 SJ (single jersey) and #6 RIB (2×2 rib) knitted structure diagram. 
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Although the porosity was similar, #5 SJ was thinner and with a lower surface density than #6 
RIB, thus #5 SJ had a higher UV transmittance than #6 RIB (Figure 5- 20). The knitting 
machine settings for these two fabrics were 24 and 20 courses per inch, 18 and 30 wales per 
inch, and a loop length of 5.7 mm and 5.7 mm, respectively. Fabric #6 RIB was a double-
knitted structure, which was produced with two sets of needles. The two needles of the first 
bed were located in the spaces between the two needles of the second bed. From the microscope 
measurements, the actual loop length of #6 RIB was a little larger than that of #5 SJ. Hence, 
according to the calculation from Eq.5-6, area modulus of stitch of #5 SJ was smaller than that 
of #6 RIB. This means #5 SJ was tighter than #6 RIB, and also #5 SJ had a larger number of 
courses per unit length, thus the fabric surface of #5 SJ reflected more UV (Figure 5- 20).  
(4) Comprehensive comparison 
A general comparison of UPF values and UVA, UVB transmittance for various fabric 
structures is shown in Figure 5- 22. The comparisons among these six structure fabrics are as 
follows: 
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Figure 5- 22: (a) Ultraviolet protection factor (UPF) and (b) UVA and UVB transmittance of fabrics with 
different structures. #1 SNE is single needle eyelet, #2 DNE is double needle eyelet, #3 SJ is single jersey, 
#4 SJP is single jersey pique, #5 SJ is single jersey and #6 RIB is 2×2 rib. 
1) The comparison in the three groups has been discussed. For structure group 1, the UPF value 
of #2 DNE (double needle eyelet) was larger than that of #1 SNE (single needle eyelet). Besides 
the effect of thickness (thickness 2 > thickness 1), the reason can be explained by changes in 
fabric porosity. The porosity of a fabric can be calculated from Eq.5- 7 [211]:  
 ൌ ͳͲͲ െ ఘೖఙ೤ ή ͳͲͲ                                                   Eq.5- 7 
where, ߩ௞  is bulk density of the knits (g/cm3), and ߪ௬is the yarn bulk density (g/cm3). The 
porosity of #1 SNE (83.65%) was larger than that of #2 DNE (78.16%), which means fabric 
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#1 SNE had more air in the fabric volume than #2 DNE. Therefore, fabric #2 DNE had more 
fibres in the fabric volume, which can absorb more UV than fabric #1 SNE. This also explains 
why #2 DNE had a higher UPF value than #1 SNE.  
For structure group 2, the UPF value of #4 SJP (single jersey pique) was larger than that of #3 
SJ (single jersey). Also, the UV transmittance of #4 SJP was smaller than that of #3 SJ, and the 
UV reflectance of #4 SJP was smaller than that of #3 SJ as well (Figure 5- 17). According to 
the law of conservation of energy of incidence light (energy of incidence light equals the energy 
summation of transmittance, reflectance and absorption of the material), the UV absorption of 
#4 SJP should be larger than that of #3 SJ. Therefore, #4 SJP had a higher UPF value than #3 
SJ.  
For structure group 3, the UPF value of #6 RIB (2×2 rib) was much larger than that of #5 SJ 
(single jersey), and #6 RIB had the highest UPF among all other single-knitted fabrics (ranged 
from UPF 14.36 to 31.39). One reason was because #6 RIB was a double-knitted structure, in 
which the loops were knitted with two sets of needles. Hence, there was one more layer of 
fibrous material to absorb the UV light, as well as greater probability that the incident UVR 
would encounter more fibres along its path [311pp.309-338]. Beside this, #6 RIB fabric had a 
much larger thickness (2.975 mm) and much greater mass per unit area (467.1 g/m2) than all 
other fabrics in this experiment, which gave it the highest resistance against UV light. However, 
rib fabrics are more extensible in the course-wise direction, thus the UPF values normally 
would be reduced dramatically after fabric stretching during wearing. 
From the comparisons between #1 SNE and #2 DNE, between #3 SJ and #4 SJP, and between 
#5 SJ and #6 RIB, it was found that when the thickness was increased, the UPF value would 
also be increased. The increased value of thickness from #1 SNE to #2 DNE was 0.258, from 
#3 SJ to #4 SJP it was 0.370, and from #5 SJ to #6 RIB it was 1.390 (Figure 5- 23). The 
increased values of UPF values following the same order were 8.81, 16.76 and 135.86. The 
relationship between the different value (D-value) of thickness and the D-value of UPF value 
was obtained, which was a linear relationship (ݕ ൌ ͳͳͶǤͲ͵ݔ െ ʹʹǤͺͻ͸ǡ ܴଶ ൌ ͲǤͻͻͺͺ).  
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Figure 5- 23: Relationship (a) between ǻthickness and ǻUPF values and (b) between ǻmass per area and 
ǻUPF values. 
Similarly, from the comparisons between #1 SNE and #2 DNE, between #3 SJ and #4 SJP, and 
between #5 SJ and #6 RIB, the D-values of fabric areal density (mass per unit area) were 
obtained. Also, the relationship between the D-value of fabric areal density and the D-value of 
UPF value was acquired as the exponential relationship (ݕ ൌ ͷǤ͸ͳ͸͸݁଴Ǥ଴ଵ଻ଵ௫ǡ ܴଶ ൌ ͲǤͻͻͲͺ) 
(Figure 5- 23). This exponential relationship showed the D-value of UPF value increased with 
an increase in the D-value of fabric areal density. The previous study reported that there was 
also an exponential relationship between fabric areal density and UPF value on woven fabrics 
[214].  
2) The comparison among the three groups (six structures) has been discussed. Both #3 SJ and 
#5 SJ had the same knitted structure of single jersey, however their UPF values were different 
(UPF14.63 versus 16.93). This was because their physical properties were different. Samples 
#3 SJ and #5 SJ have similar values of thickness (1.530 and 1.585 mm), the same bulk density 
(mass per volume = 0.18 g/cm3), and similar values of porosity (76.37% and 76.24%), while 
the values of courses and wales per unit length and cover factor for #3 SJ were smaller than 
those of #5 SJ. The loop length of #3 SJ was larger than that of #5 SJ, so that #3 SJ had a larger 
area modulus of stitch than #5 SJ, which means knit #3 SJ was looser than #5 SJ. All these 
differences can explain why #3 SJ had a lower UPF value than #5 SJ.  
Although the thickness of #1 SNE was larger than that of both #3 SJ and #5 SJ, the UPF value 
of #1 SNE was smaller than that of both #3 SJ and #5 SJ. This was because the single needle 
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eyelet structure, with tuck loops, had larger pores (or holes) than the single jersey knitted 
structures (#3 SJ and #5 SJ). From the values of fabric bulk density (mass per volume), #1 SNE 
(0.12 g/cm3) was smaller than both #3 SJ and #5 SJ (0.18 g/cm3). Also, the porosity of #1 SNE 
(83.65%) was larger than that of both #3 SJ and #5 SJ (76.37% and 76.24%). It means #1 SNE 
had less fibres per fabric volume, so less fibres can absorb UV light. Therefore, the balance 
between the mass per volume and thickness resulted in lower UPF values for #1 SNE (UPF 
14.36) than both #3 SJ and #5 SJ. 
In contrast, results for samples #2 DNE, #3 SJ and #5 SJ were quite different. Although there 
were more pores in the #2 DNE surface, the fabric bulk density of #2 DNE (78.16%) was 
similar to #3 SJ and #5 SJ. Therefore, when the mass of fibres in the unit fabric volume was 
similar, the fabric thickness played an important role in influencing UV protection. When 
compared with the single jersey structure, the presence of tuck loops in the double needle eyelet 
structure (#2) made the fabrics bulker [313]. The thickness of #2 DNE (2.647 mm) was much 
larger than that of both #3 SJ and #5 SJ (1.530 and 1.585 mm), the UPF value of #2 DNE (UPF 
23.17) was larger than that of the latter two fabrics accordingly. 
The comparison among #1 SNE, #2 DNE and #4 SJP showed that #4 SJP (UPF 31.39) had a 
relatively higher UPF value than both #1 SNE and #2 DNE. The reason was due to the fabric 
bulk density of #4 SJP (0.18 g/cm3) being much larger than both #1 SNE and #2 DNE (0.12 
g/cm3 and 0.16 g/cm3). Although #4 SJP (1.900 mm) was thinner than both #1 SNE and #2 
DNE, the larger mass of fibres per fabric volume resulted in #4 SJP having a superior UV 
protection to the latter two fabrics (#1 SNE and #2 DNE). Therefore, the comparison within 
the structure groups showed that the fabrics with lower areal density and thickness had a lower 
UV protection. The comparison among these six structures indicated that the UV protection 
could be firstly determined by the percentage of fibres in the unit fabric volume (fibre %) or 
the percentage of air in the unit fabric volume (porosity). The value of fibre% agreed with the 
mass per volume (bulk density and fabric mass). When the fibre% (fabric mass) was constant, 
the thickness played an important role in influencing on the UPF values. Note the value of areal 
density was not always consistent with bulk density. 
The comparison of UPF values among these knitted fabrics can also be explained by the fabric 
porosity in Figure 5- 24. Air permeability had a positive correlation with porosity of the fabrics. 
The fabrics had higher air permeability when they had more open areas to allow the air passing 
through. The more open areas were normally due to either one or the combination of two factors, 
[CHAPTER FIVE] 
141 
the presence of larger space between fibres and/or the presence of holes through the fabric 
(between yarns). Relatively, the fabric with more open areas had a low percentage of fibres in 
the unit fabric volume, but a high percentage of air in the unit fabric volume (porosity). These 
factors had significant effects on the penetration of UV light (as explained in the previous 
section).  
 
Figure 5- 24: Air permeability, UPF values and porosity of fabrics with different structures: #1 SNE is 
single needle eyelet; #2 DNE is double needle eyelet; #3 SJ is single jersey; #4 SJP is single jersey pique; 
#5 SJ is single jersey and #6 RIB is 2×2 rib. 
5.1.2.4 Comprehensive analysis 
The fabric bulk density, areal density and thickness are more important parameters determining 
the level of fabric UV protection. Combining the relationship among these three factors 
( ൌ ௔௥௘௔௟ௗ௘௡௦௜௧௬௧௛௜௖௞௡௘௦௦ ), there are five situations:  
1) If the increasing rate of areal density is greater than that of thickness, the bulk density 
is increased. In this case, the fabric with a larger bulk density has a higher UV protection. 
Hence fabrics with a large areal density and a large thickness have a higher UV 
protection.  
2) When a fabric is made thinner without decreasing its areal density, its bulk density will 
increase. Fabrics with large bulk densities will have better UV protection than those 
with low bulk densities. This can be seen for the single needle eyelet fabric in Section 
5.1.2.3 (1), where the bulk density was low even though the fabric was thick and had a 
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high areal density. The two single jersey fabrics were lighter in areal density and thinner 
however their increased bulk density meant that they had a higher UV protection than 
the single needle eyelet.  
3) When the areal density is constant, the fabric with a smaller thickness has a larger bulk 
density, so it has a higher UV protection. For example, for thickness group 1 
experiments, the finer yarns had a thinner thickness, but they had a higher UPF value. 
This was because the finer yarns had a greater bulk density than the coarser yarns, when 
the areal density was constant.  
4) For fabrics with a fixed bulk density, an increase in thickness and/or areal density will 
result in a fabric having a higher UV protection. Taking the test results as an example, 
the UPF values follow: #4 SJP >#3 SJ, #5 SJ >#3 SJ, #2 DNE>#3 SJ or #5 SJ, and for 
the thickness group 2 and 3 experiments, the larger thickness samples can offer a higher 
UPF values, and the areal density of the thicker samples was greater than that of the 
thinner samples. 
5) When the thickness is constant, the fabric with a greater areal density has a larger bulk 
density, so that it can offer higher UV protection. On another hand, this is also because 
a greater areal density leads to a larger cover factor of the fabric. 
The discussion for both thickness group and yarn count group experiments indicated that when 
both the mass and areal coverage were constant, finer yarns had a better UV protection than 
coarser yarns, even though the thickness of the finer yarn samples was smaller than or equal to 
the thickness of the coarser yarn samples. When only areal coverage was constant, the coarser 
yarns with had higher UPF values than the finer yarns. 
From above, the fabric bulk density was the most important factor to determine the UV 
protection of fabrics. The fabric bulk density was consistent with the percentage of fibres in 
the unit fabric volume (or opposite to the porosity), so a higher bulk density means there are 
more fibres in the fabric that can absorb UV light. However, the bulk density does not agree 
with areal density or thickness. It cannot be said the larger areal density fabric or thicker fabric 
has a better UV protection. Moreover, the bulk density was not changed in accordance with the 
change of fabric cover factor, hence the cover factor cannot be the single principal factor to 
determine the UV protection of textiles. This result differed from the theoretical UPF value 
calculated from Eq.5- 4, which was related to cover factor only [214, 311 pp.328]. Eq.5- 4 is 
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more suitable for woven fabrics with simple structures. In contrast, this work has shown the 
importance of considering the bulk density and thickness as well as cover factor to confirm the 
UV protection of fabrics.  
5.1.3 Summary for the study on the effect of fabric structure on UV protection 
Variations in fabric mass, cover factor, yarn linear density, thickness and structure were 
considered for comparison, in order to investigate the effects of fabric parameters on UV 
protection of fabrics. Knitted fabrics, wool yarns, polyester filaments and fishing lines were 
used in the experiments of structure, thickness and yarn count groups. It was found that the 
fabric bulk density, areal density and thickness were the most important factors to determine 
the UV protection of fabrics. 
The fabric with greater fabric bulk density can provide higher UV protection, when the areal 
density and thickness meet one of the following requirements: the increasing rate of areal 
density is greater than that of thickness; or the decreasing rate of thickness is greater than that 
of areal density; or the areal density is constant; or the thickness is constant. When the fabric 
bulk density is similar, the thicker fabric (or the larger areal density fabric) offers better UV 
protection. When both the fabric areal and bulk density are constant, the finer yarns have better 
UV protection than the coarser yarns, even though the thickness of the yarn samples with finer 
yarns is smaller than or equal to the thickness of the yarn samples with coarser yarn.  
5.2 Study on fabric models and models’ confirmation and prediction 
5.2.1 Experiments 
5.2.1.1 Materials  
Five groups of undyed and untreated wool knitted fabrics were involved in the measurements 
for the work in this section. The wool fabrics were made on a flatbed knitting machine (CSIRO, 
Australia) using a range of yarns, detailed below. They were knitted by the control of fabric 
structure, cover factor, and loop length (Table 5- 1). Fabrics in the fibre diameter group were 
made from a 25 tex and 586 T/m yarn, had varying fibre diameters and were knitted into single 
jersey structure with a cover factor of 1.28 tex1/2mm-1. Fabrics in the yarn linear density group 
were made from a 586 T/m yarn with a 17.5 μm fibre, had varying yarn counts, and were 
knitted into single jersey structure with a cover factor of 1.28 tex1/2mm-1. Single jersey fabrics 
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(cover factor setting 1.28 tex1/2mm-1) in the yarn twist group, were made from a 25 tex yarn 
with a 17.5 μm fibre, and had varying yarn twist levels. Single jersey fabrics in the cover factor 
group were made from a 25 tex and 586 T/m yarn with a 17.5 μm fibre diameter, and had 
changing cover factor settings. Fabrics in the structure group were made with a 75 tex and 586 
T/m yarn with a 22.9 μm fibre diameter, and had a changing structures: single jersey (cover 
factor 1.52 tex1/2mm-1), single needle eyelet (1.52 tex1/2mm-1), double needle eyelet (1.52 
tex1/2mm-1), single jersey (1.47 tex1/2mm-1), and single jersey pique (1.44 tex1/2mm-1).   
Table 5- 1: Details of fabric samples. 
ID Mean fibre 
diameter 
(ȝm) 
Yarn linear 
density 
(Tex) 
Yarn 
twist 
(T/m) 
Cover factor  
(tex1/2mm-1) 
Knitted 
structure 
Thickness 
(mm) 
Weight per area 
(areal density) 
(g/m2) 
Bulk 
density 
(g/cm3) 
 Mean fibre diameter group    
1 15.1 25 586 1.28 Single 
jersey 
0.756  142.0  0.19  
2 17.5 25 586 1.28 Single 
jersey 
0.770  136.1  0.18  
3 18.5 25 586 1.28 Single 
jersey 
0.796  135.1  0.17  
4 19.5 25 586 1.28 Single 
jersey 
0.806  131.0  0.16  
5 20.5 25 586 1.28 Single 
jersey 
0.830  133.3  0.16  
6 22 25 586 1.28 Single 
jersey 
0.854  133.2  0.16  
7 23.7 25 586 1.28 Single 
jersey 
0.924  132.7  0.14  
 Yarn linear density group 
8 17.5 18.85 586 1.28 Single 
jersey 
0.726  120.9  0.17  
9 17.5 25 586 1.28 Single 
jersey 
0.770  136.1  0.18  
10 17.5 30.4 586 1.28 Single 
jersey 
0.794  162.6  0.20  
11 17.5 39.2 586 1.28 Single 
jersey 
0.826  179.4  0.22  
 Yarn twist group 
12 17.5 25 586 1.28 Single 
jersey 
0.770  136.1  0.18  
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13 17.5 25 600 1.28 Single 
jersey 
0.748  135.8  0.18  
14 17.5 25 623 1.28 Single 
jersey 
0.742  142.9  0.19  
15 17.5 25 638 1.28 Single 
jersey 
0.764  138.0  0.18  
16 17.5 25 662 1.28 Single 
jersey 
0.758  140.1  0.18  
 Cover factor group 
17 17.5 25 586 1.28 Single 
jersey 
0.770  136.1  0.18  
18 17.5 25 586 1.32 Single 
jersey 
0.808  147.5  0.18  
19 17.5 25 586 1.37 Single 
jersey 
0.812  154.7  0.19  
20 17.5 25 586 1.45 Single 
jersey 
0.828  163.5  0.20  
21 17.5 25 586 1.54 Single 
jersey 
0.830  175.2  0.21  
 Structure group 
22 22.9 75 586 1.52 Single 
jersey 
1.632  507.8  0.18  
23 22.9 75 586 1.52 eyelet 1 
Needle 
2.389  564.9  0.12  
24 22.9 75 586 1.52 eyelet 2 
Needle 
2.647  689.7  0.16  
25 22.9 75 586 1.47 single 
jersey 
1.530  531.4  0.18  
26 22.9 75 586 1.44 single 
jersey 
pique 
1.900  453.5  0.18  
 Extra fabric samples 
 13.7 25 586 1.28 Single 
jersey 
0.754  147.2  0.20  
 14.9 25 586 1.28 Single 
jersey 
0.756  146.9  0.19  
 16.5 28 586 1.32 single 
jersey 
0.660  163.6 0.25  
 16.5 28 586 1.24 single 
jersey 
0.700  152.6 0.22  
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 16.5 28 586 1.32 single 
jersey 
0.680  162.9 0.24  
 16.5 28 586 1.41 single 
jersey 
0.720  176.7  0.25  
 19.4 25 586 1.45 pique 1.010  174.1 0.17  
 19.4 25 586 1.62 pique 0.950  187.8 0.20  
Another eight knitted fabrics (extra fabric samples in Table 5- 1) were prepared for the model 
verification. 
5.2.1.2 Methods
The measurement methods for the diffuse transmittance (T%), diffuse reflectance (DR) spectra, 
UPF values, fibre diameter, yarn linear density, and fabric thickness were the same as in 
Chapters 3 and 4. 
The loop length, loop width, ௔ܲ  (courses per 5 cm) and ௕ܲ(wales per 5 cm) were directly 
obtained from the parameters setting for the knitting machine. In addition, these variables were 
measured on the fabrics using a DP70 microscope (Olympus Optical Co., Ltd., Japan), in order 
to adjust for the model calculation.   
5.2.1.3 Statistical analysis 
The test data was statistically analysed using IBM® SPSS (Statistic Package for Social Science) 
Statistics Software (Version 21, IBM Corporation, USA). Univariate analysis was applied to 
identify whether the effects of fibre, yarn and fabric parameters on UV protection of fabrics 
were significant. Principal factor analysis was used to obtain the primary components. The 
predictive model with principal components was achieved. 
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5.2.2 Statistical data analysis and predictive model set up 
 
Figure 5- 25: UPF values of fabric samples for five groups. 
Figure 5- 25 shows the UPF values of fabric samples in the five groups. Based on these data, 
exploratory analysis and homogeneity analysis were undertaken using SPSS software and the 
data of each group was analysed by one-way ANOVA separately to determine the significance 
of each factor. Mean fibre diameter, yarn linear density, yarn twist, cover factor and fabric 
structure had significant effects on the UV protection of fabrics. However, when all the factors 
were considered together, the effect of structure was much larger than that of fibre and yarn 
parameters. This meant that when fabric structure was kept constant, the fibre and yarn 
parameters had significant effects on the UV protection of fabrics. If using the same material, 
the fabric structure was the most important factor influencing the UV protection of fabrics.  
In addition to mean fibre diameter, yarn linear density, yarn twist, and fabric cover factor, other 
fabric physical parameters were involved in the statistical analysis to describe the fabric 
structure, including thickness, mass per volume (bulk density), mass per area (areal density), 
area modulus of stitch, porosity, space between loops and stitch density (courses and wales per 
unit length). The correlated analysis results showed that mean fibre diameter, yarn twist, weight 
per fabric volume and porosity had no correlation with the UPF values of fabrics. Previous 
studies on woven fabrics with different structures also showed that there was no direct 
correlation between porosity and UPF values [213]. 
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Since there are interactions among yarn and fabric parameters, factor analysis was used to 
extract the principle component to replace several factors, to reduce repetitive interactions 
between any two factors. Prior to factor analysis, the fibre and yarn variables (mean fibre 
diameter, yarn linear density and yarn twist) and uncorrelated factors to UPF values (weight 
per volume and porosity) were removed. Space between loops was also removed due to its low 
influence on UPF values (extraction). All other fabric parameters were included in the factor 
analysis. The results showed a cumulative percentage value of 94.68% indicating that the 
component represents all involved factors, and KMO=0.836 confirming that the factors 
selected were suitable for factor analysis. According to the results from ‘Component Score 
Coefficient Matrix’, the equation for the component was: 
	ͳ ൌ ͲǤʹͲ͵ ൈ ݐ݄݅ܿ݇݊݁ݏݏ ൅ ͲǤʹͲ͹ ൈ ݓ݄݁݅݃ݐ݌݁ݎܽݎ݁ܽ ൅ ͲǤʹͳͲ ൈ
݈݅݊݁ܽݎ݉݋݀ݑ݈ݑݏ݋݂ݏݐ݅ݐ݄ܿ െ ͲǤʹͲ͵ ൈ ܿ݋ݑݎݏ݁݈݁݊݃ݐ݄ ൅ ͲǤʹͲͺ ൈ ݈݋݋݌݈݁݊݃ݐ݄              Eq.5- 8 
During the regression analysis process, all fibre and yarn parameters were taken into account 
together with the component obtained from factor analysis results. The final statistical 
predictive model was: 
 	 ൌ ͲǤͶ͸ͻ ൅ ͵Ǥͺ͸ͳ ൈ ܨܣܥ െ ʹǤ͹͸͸ ൈ ܶ݁ݔ െ ͳǤͳͶͺ ൈ ݌݋ݎ݋ݏ݅ݐݕ         Eq.5- 9 
where the coefficients of mean fibre diameter, yarn twist, cover factor and space between loops 
were not significant, so they were removed from Eq.5- 9. Weight per volume was also removed 
during regression analysis. The removal of mean fibre diameter, yarn twist and weight per 
volume was consistent with the findings from the results of correlation analysis.  
Porosity was involved in the regression predictive model, although the bivariate analysis 
between porosity and UPF values of fabrics showed that porosity did not have a significant 
effect on the UPF values. This is because porosity is an important factor affecting UV 
protection, as it determines the open area of the fabric [211, 313, 314]. In addition, the fabric 
factors were recombined into one component (FAC) through factor analysis.  
Yarn linear density was reconsidered in the model equation, since it influences fabric weight, 
thickness and density. Also, the shape, size and density of the pores in the fabric are affected 
by varying yarn linear density [314]. The yarn linear density influences the tightness of knitted 
fabrics, when the stitch density (loop length) is constant [287 pp.226]. 
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The statistical model in this study showed the relationship between fibre/yarn/fabric parameters 
and the UV protection of fabrics, so that it can be used to predict the UPF values of fabrics. 
This model proposed that the fabric with a larger thickness, weight per area, loop length, yarn 
linear density and area modulus of stitch, smaller course length, and lower porosity provides a 
higher UPF value. The results from this statistical predictive model can offer guidance for the 
optical model: 1) to consider the parameters that were shown in the statistical model; 2) to 
provide the parameter range to optimize parameters for the UV protective fabric design.  
5.2.3 Fabric Model Description 
 
Figure 5- 26: Three-dimensional diagram for single jersey fabric. 
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Figure 5- 27: Optical fabric model with two-dimensional diagram for a loop of single jersey fabric. The 
expression for this elliptical shape is :ࡲሺ࢞ሻ ൌ ࢈ࢇξࢇ૛ െ ࢞૛. ࢇ࢞ǡ ࢈࢟ are the positive x-intercept and y-
intercept in the ellipse, respectively. The coordinate values for a, b in the expressions are ࢇ࢞ǡ ࢈࢟. The blue 
plane on the top right represents the plane obtained by cutting the loop along with line AB. 
It is almost impossible to observe all fabric knitted structures to predict UV properties at one-
time. Thus this study focused on a prevalent knitted structure, single jersey. The structure for 
single jersey fabric is shown in Figure 5- 26, which was built up using SolidWorks® 2012 
software (Dassault Systemes S.A., France). To simulate the interaction between UV light and 
loops (yarns with a specified pattern for fitting the fabric structure), the simplified two-
dimensional structure for the yarn as a loop was obtained from the optical fabric model (top 
view of Figure 5- 26).  
In Figure 5- 27, in the plane of the incident light ray meeting the upper surface of a loop, the 
vertical and horizontal axes of the loop cross section are y and x axes. The x axis was assumed 
to be located through two points, between the maximum distance (ʹܽ௫), in which all points of 
the incident light rays first had to meet the upper surface of the loop. The loop was assumed as 
an ellipse, where the positive x-intercept (long axis, ܽ௫) was half the width of the loop, and the 
positive y-intercept (short axis, ܾ௬) was half of the fabric thickness. In Figure 5- 27, the origin 
ܱ is located in the middle point of the maximum distances in x axis direction. This plane is 
perpendicular to the fabric axis z axis, which is parallel to the fabric surface direction. It was 
assumed that all the incident rays were parallel to the y axis. The assumptions of this model 
are: 
1) All fibres in a single yarn are isotropic cylinders within one fibre type, having the same 
fibre diameter, length, colour and optical properties [230, 245].  
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2) Since most spun fibres are anisotropic, double refraction will occur when an incident 
light penetrates from air into a fibre. One refractive light is ordinary light that follows 
refraction law. The other one is extraordinary light, where the refractive ray is not inside 
the incidence surface [287]. Only the part of ordinary light was discussed in this model, 
and the refractive indexes of fibres within the ordinary light were used in the model 
calculation. 
3) The cross-sectional shape of a single yarn was circular. The AB line was the path that 
the light would pass through and the angle between the plane of the AB line and the 
vertical plane was the refractive angle (߮).  
4) The model was simplified to study with a two-dimensional optical process at the fabric 
cross sections (Figure 5- 26 and Figure 5- 27).   
This research focussed on the absorption (ܣ), transmittance (ܶ) and reflectance (ܴ) of the light 
rays. The light transmission process was divided into three stages. In the first stage, incident 
light ܫ଴(including energy and direction) passed from air into the yarn, and part of the light may 
be reflected back to air (ܫோ); the other fraction of light penetrated into the yarn, where refraction 
occurred (ߠ , ߮  were incidence and refractive angles, and ݊ଵ ൏ ݊ଶ , where ݊ଵ  and ݊ଶ  were 
refractive indexes of air and fibre). In the second stage, light travelled into the yarn and part of 
the light followed the path (AB). In the third stage, the light exited the yarn ( ଵܶ, which was 
called the light transmittance through this yarn), where refraction reoccurred (݊ଵ ൐ ݊ଶ). 
Light is described by electric and magnetic field vectors, and these two field vectors vibrate in 
a perpendicular direction to the path of the light [286]. Considering both parallel and 
perpendicular directions, Fresnel’s formulas [286] were used for this model. When the incident 
rays struck a fibre, the x values of the points where the light rays first met the upper surface of 
the loop varied from Ȃ ܽ௫ to ܽ௫. Therefore, from stage 1 to stage 3, by integrating ݀ݔ from Ȃ ܽ௫ 
to ܽ௫, the value of the surface reflectance ܴ௟௢௢௣ was calculated as: 
ܴ௟௢௢௣ ൌ ׬ ఘଶ௔ೣ ݔ
௔ೣ
ି௔ೣ ൌ ׬
ଵ
ସ௔ೣ ቂ
ୱ୧୬మሺఏିఝሻ
ୱ୧୬మሺఏାఝሻ ൅
୲ୟ୬మሺఏିఝሻ
୲ୟ୬మሺఏାఝሻቃ
௔ೣ
ି௔ೣ ݔ                     Eq.5- 10 
where, ߩ  is the reflectance, following Fresnel’s formula [286], ߩ ൌ ఘצାఘ఼ଶ ൌ
ଵ
ଶ ቂ
ୱ୧୬మሺఏିఝሻ
ୱ୧୬మሺఏାఝሻ ൅
୲ୟ୬మሺఏିఝሻ
୲ୟ୬మሺఏାఝሻቃ, ߩצ and ߩୄare the components of reflectance parallel and perpendicular to the plane 
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of incidence, ߠ is the incidence angle, ߮ ൌ ሺୱ୧୬ఏ௠ ሻ is the refraction angle, ݉ is the ratio 
of the two media refractive indexes, ݉ ൌ ௡మ௡భ. Besides, ܽ௫is a half of the loop width (mm). 
Matlab® software (MathWorks Inc., USA) was used to program and calculate the results 
(Refer to Appendix). 
The internal transmittance passing the light path of AB in the loop passed through a single yarn 
cross-section. The transmittance of this process can be calculated for a single yarn using the 
optical yarn model previously described in this work (see Chapter 4). However, the cross-
sectional shape for a single yarn in the loop here (Figure 5- 26) was elliptical, not circular as 
described in the previous work. This was because when this loop was cut along the line AB,
the shape in the plane, which was perpendicular to x-y plane, was an ellipse. The included angle 
between the plane of the light passing through the yarn cross-section (along the AB line) and 
the plane of vertical line was ߮. As assumption (3), the included angle can be transferred into 
the included angle between the directions of actual incidence light (ܫ଴Ԣ) and the vertical original 
incidence light (ܫ଴). Therefore, the transmittance through the loop in Figure 5- 26 should be 
multiplied by ͳȀ ߮. 
 
Figure 5- 28: Optical fabric model with two-dimensional diagram for the loops (front and back) of the 
single jersey fabric (ࡸࢃ means the loop width and ܛܘ܉܋܍ means the space between two adjacent loops). 
The value of ͳȀ ߮ was obtained as ሺɔሻ by integrating ݀ݔ from Ȃ ܽ௫ to ܽ௫. 
ሺɔሻ ൌ ׬ ଵୡ୭ୱఝ ݔ
௔ೣ
ି௔ೣ                                                            Eq.5- 11 
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It was assumed that two front loops and two back loops were a unit for the model calculation 
in Figure 5- 28, which shows the parameters that were related to the model calculation. There 
were spaces between loops (ݏ݌ܽܿ݁) (cm), and the space was calculated by: 
  ൌ ሺܨܹ െ ݊௟௢௢௣ ൈ ܮܹȀͳͲሻ ሺ݊௟௢௢௣ െ ͳሻ൘                                  Eq.5- 12 
where, ܨܹ is the unit width of the fabric (1 cm), ܮܹ is the width of a single loop (mm), and 
݊௟௢௢௣ is the number of the loops in the unit fabric width (1 cm). 
In Figure 5- 28, the transmittance of the loops in this fabric width followed these formulas. 
There were two front loops and two back loops in this fabric width, and the transmittance of 
these two front loops Ψ୤୰୭୬୲ was equal to that of the back loops Ψୠୟୡ୩: 
Ψ୤୰୭୬୲ ൌ Ψୠୟୡ୩ ൌ ʹ ൈ ௬ܶ௔௥௡ ൈ ሺɔሻൈ ݏ݅݊ ߛ ൈ ሺͳ െ ܴ௟௢௢௣ሻଶ ൈ ͳͲͲ ൈ ʹܮܹ ൅ ͳͲͲ ൈ ʹ ൈ
ݏ݌ܽܿ݁ ൈ ͳͲ                                                                                                Eq.5- 13 
where, ௬ܶ௔௥௡ is the transmittance for a single yarn, ܴ௟௢௢௣ is the reflectance of the loop 
(calculated from Eq.5- 10), ߮ is the refractive angle,ߛ is the yarn twist angle, ܮܹ is the width 
of a single loop (mm),ݏ݌ܽܿ݁ is the space between the loops (cm), ൈ ʹ accounts for the two 
front or back loops in the unit calculation. ሺɔሻ is the value of ͳȀ ߮ with integrating ݀ݔ 
from Ȃ ܽ௫ to ܽ௫. 
The total transmittance of these loops in this unit calculation for the fabric width was: 
Ψ ൌ ୘Ψ౜౨౥౤౪ା୘Ψౘ౗ౙౡଶ௅ௐାଶ௦௣௔௖௘                                       Eq.5- 14 
where, ʹܮܹ ൅ ʹݏ݌ܽܿ݁ means there were two loops and two spaces in this unit calculation. 
And the transmittance of the loops in the unit fabric width (5 cm) was acquired from Eq.5- 15.  
Ψ ൌ ୘Ψ౪౥౪౗ౢൈ௉ೌ Ȁଶൈሺଶ௅ௐାଶ௦௣௔௖௘ሻହ଴ൈଶ           Eq.5- 15 
where, Ψ୲୭୲ୟ୪ means the total transmittance of these loops in this unit calculation. ܲܽ is the 
number of the loops at 5 cm of fabric width. ௔ܲȀʹ is for every two loops (one front and one 
back) were counted once, 50 means 5 cm transfers to 50 mm. The result is divided by 2 because 
two groups of loops were counted as a single unit for the calculation. 
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Since porosity is related to the transmittance of UV light, the percentage of the air in the fabric 
volume (equivalent to porosity) was important for the calculation of the final transmittance of 
the fabric. The percentage of air ( ௔ܸ௜௥Ψ) and yarn volume ( ௬ܸ௔௥௡Ψ) in the whole fabric volume 
was obtained by these relationships: 
൜ߪ௬௔௥௡ ή ௬ܸ௔௥௡ ൅ ߜ௔௜௥ ή ௔ܸ௜௥ ൌ ߩ௙௔௕௥௜௖
௬ܸ௔௥௡ ൅ ௔ܸ௜௥ ൌ ௙ܸ௔௕௥௜௖                                     Eq.5- 16 
where, ߪ௬௔௥௡ is the bulk density of the yarns (g/cm3), ௬ܸ௔௥௡ is the volume of all the yarns in the 
fabric (cm3), ߜ௔௜௥ is the specific gravity of the air (g/cm3), ௔ܸ௜௥ is the air volume (cm3),  ߩ௙௔௕௥௜௖ 
is the bulk density of the fabric (g/cm3), and ௙ܸ௔௕௥௜௖ ൌ ͳ cm3 is the unit volume of the fabric 
for the calculation. 
Area modulus of stitch (ܭ) is an important parameter that determines the tightness of the fabric. 
Following Eq.5- 6, ܭ ൌ ܮ݋݋݌݈݄݁݊݃ݐ݄Ȁܦ௬௔௥௡, where the unit for both the loop length and yarn 
diameter (ܦ௬௔௥௡) is mm [287]. Since ܭ is related to the space of the yarns in the unit area of 
the fabric, the final transmittance of the fabric area was multiplied by a relationship expression 
of ܭ. ሺͳ െ ͳȀܭሻ is a coefficient in Eq.5- 17, which represents the effect of fabric structure 
(tightness) on the final results of transmittance through the fabric area. 
	Ψ ൌ ୘Ψ౫౤౟౪౜౗ౘ౨౟ౙ౭౟ౚ౪౞௏ೌ೔ೝΨ ൈ ሺͳ െ ͳȀܭሻ              Eq.5- 17 
where, ௔ܸ௜௥Ψ is the percentage of the air volume in the whole fabric volume (or is equivalent 
to porosity). As the transmittance is inversely proportional to ௔ܸ௜௥Ψ, the final results need to 
divide it. Ψ୳୬୧୲୤ୟୠ୰୧ୡ୵୧ୢ୲୦ is the transmittance at unit fabric width. 
In Figure 5- 28, the reflectance of the loops in this unit calculation followed these formulas. 
The reflectance of these two front loops Ψ୤୰୭୬୲equalled to that of the back loops Ψୠୟୡ୩: 
Ψ୤୰୭୬୲ ൌ Ψୠୟୡ୩ ൌ ʹ ൈ ܴ௟௢௢௣ ൈ ሺɔሻ ൈ  ߛ ൈ ͳͲͲ ൈ ʹܮܹ            Eq.5- 18 
where, ܴ௟௢௢௣is the surface reflectance for a single yarn (from Eq.5- 10), ߛ is the yarn twist 
angle, ܮܹ is the width of a single loop (mm),ൈ ʹ accounts for the two front or back loops in 
the unit calculation. ሺɔሻ is the value of ͳȀ ߮ with integrating ݀ݔ from Ȃ ܽ௫ to ܽ௫. 
The total reflectance of these loops in this unit calculation for the fabric width was: 
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Ψ ൌ ୖΨ౜౨౥౤౪ାୖΨౘ౗ౙౡଶ௅ௐାଶ௦௣௔௖௘                                           Eq.5- 19 
where, ʹܮܹ ൅ ʹݏ݌ܽܿ݁ means there were two loops and two spaces in this unit calculation. 
And the reflectance of the loops in the unit fabric width (5 cm) was acquired from Eq.5- 20.  
Ψ ൌ ୖΨ౪౥౪౗ౢൈ௉ೌ Ȁଶൈሺଶ௅ௐାଶ௦௣௔௖௘ሻହ଴ൈଶ             Eq.5- 20 
where, Ψ୲୭୲ୟ୪ means the total reflectance of these loops in this unit calculation. ܲܽ is the 
number of the loops at 5 cm of fabric width. ௔ܲȀʹ is for every two loops (one front and one 
back) were counted once, 50 means 5 cm transfers to 50 mm. The result is divided by 2 because 
two groups of loops were counted as a unit for the calculation. 
The calculation of reflectance differed to the calculation of transmittance. This was because 
the calculation of the final results of transmittance for the whole fabric area was the same as 
the transmittance of one row of loops (at unit fabric width) in the fabric (in the course direction). 
However, the final reflectance of the whole fabric area also needed to consider the reflectance 
in the wale direction. Therefore, the reflectance for unit fabric area was: 
Ψ ൌ ୖΨ౫౤౟౪౜౗ౘ౨౟ౙ౭౟ౚ౪౞ൈ௉್ൈ஽೤ೌೝ೙ሻହ଴           Eq.5- 21 
where, Ψ୳୬୧୲୤ୟୠ୰୧ୡ୵୧ୢ୲୦  means the reflectance for the unit fabric width (in the course 
direction), ௕ܲ is the number of loops in unit 5 cm of fabric column (in the wale direction), 
ܦ௬௔௥௡ is yarn diameter, 50 means 5 cm transfers to 50 mm. 
	Ψ ൌ Ψ୳୬୧୲୤ୟୠ୰୧ୡୟ୰ୣୟ ൈ ܣ௬௔௥௡Ψ ൈ ሺͳ െ ͳȀܭሻ          Eq.5- 22 
where, ܣ௬௔௥௡Ψ is the percentage of the total yarn areas in the whole fabric area (is assumed to 
equal to ௬ܸ௔௥௡Ψ, since the yarns were supposed to be evenly distributed in the fabric volume). 
Because the reflectance is proportional to ܣ௔௜௥Ψ, the final results needed to be multiplied by 
it. Ψ୳୬୧୲୤ୟୠ୰୧ୡୟ୰ୣୟ is the reflectance for unit fabric area.ሺͳ െ ͳȀܭሻ represents the effect of 
fabric structure (tightness) on the final results of reflectance of the fabric. 
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5.2.4 Experiment results for confirming the optical model 
 
Figure 5- 29: UV transmittance (at 350 nm wavelength) of calculated and measured results for wool 
fabrics with different fibre diameter. 
 
Figure 5- 30: UV transmittance (at 350 nm wavelength) of calculated and measured results for wool 
fabrics with different yarn linear density. 
[CHAPTER FIVE] 
157 
 
Figure 5- 31: UV transmittance (at 350 nm wavelength) of calculated and measured results for wool 
fabrics with different yarn twist. 
 
Figure 5- 32: UV transmittance (at 350 nm wavelength) of calculated and measured results for wool 
fabrics with different cover factor setting. 
Figure 5- 29 to Figure 5- 32 show the comparison between calculated (predicted) and measured 
(actual) results, for wool single jersey fabrics with different mean fibre diameter, yarn linear 
density, yarn twist and cover factor setting. The predicted and experimental results had the 
same trend: when mean fibre diameter, yarn linear density, yarn twist and fabric cover factor 
settings were kept constant, the fabric with finer fibres provided lower UV transmittance. This 
means the fabric with smaller diameter fibres had a higher UV protection. From the actual 
measurements, it was found that the fabric structure and cover factor were constant, thus the 
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stitch density was similar. However, with increasing fibre diameter, the weight per area was 
decreased, whereas the thickness and porosity were increased (Table 5- 1). Based on statistical 
analysis, the effect of porosity was greater than the thickness on the UPF values of fabrics. The 
porosity was increased from the calculation using ‘total porosity of the knits equation’ [211], 
which is associated with bulk density of the knitted fabric, the fibre density, yarn bulk density 
and yarn packing factor. These resulted in a decrease of the UV protection with increasing fibre 
diameter, although the thickness of fabrics was increased slightly. For yarns with the same yarn 
linear density (constant mass of fibres), there are fewer coarse fibres in the cross section of a 
single yarn, therefore, fewer coarse fibres in a yarn can block fewer UV rays than yarns with 
smaller diameter fibres.     
Both predicted and experimental results showed (Figure 5- 30): when the fibre diameter, yarn 
twist and cover factor setting were kept constant, the fabrics with a larger yarn linear density 
yarns had a lower UV transmittance, resulting in higher UV protection. This was because the 
yarns with a larger linear density provided less open area in the fabric surface. In addition, their 
thickness, weight per area, and stitch density increased with this increase of yarn linear density. 
Similarly, as shown in Figure 5- 31, the higher the cover factor, the greater the UV protection, 
as fabric with a larger density can shield more UV rays. Figure 5- 31 shows that the UV 
transmittance was slightly increased with increased yarn twist. This was because the larger yarn 
twist could decrease the yarn diameter, so that it relatively increased the spaces between the 
yarns for UV light penetrating through the fabrics. 
Figure 5- 29 to Figure 5- 32 illustrated that the models had a good agreement with the test 
results. ܽ݅ݎΨ and area modulus of stitch contributed to this agreement between calculated and 
actual results. The structure influences the pore size, pore distribution, pore density, pore 
connectivity and the percentage of total pore volume, and these properties of the macro-pore 
are important in determining UVR transmission of a fabric [315]. Total porosity of the knits is 
defined as the portion of all air spaces in knitted fabric both between yarns and inside them 
[211], and this was the same as ܽ݅ݎΨ, which was involved in the optical model in this work. 
Area modulus of stitch also influences the tightness of the fabric. When the linear density of 
yarns was different, the tightness of the knitted fabric was different, even though the weight 
per area was the same [287].  
Figure 5- 33 to Figure 5- 36 show the comparisons of UV reflectance results between calculated 
data from model and the measured data from experiments. It was found that the fabrics with 
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finer fibre diameter, larger yarn linear density and greater cover factor had a higher UV 
reflectance. In the twist group, there was no significant change in UV reflectance results with 
increasing yarn twist. In these four groups, all trends of UV reflectance results were in 
accordance with the trends of fabric areal density. This was because, the fabric with a higher 
areal density had more fibres on the surface to reflect UV light. For both trends and results, the 
calculated results agreed with the measured results for UV reflectance of fabrics. 
 
Figure 5- 33: UV reflectance (at 350 nm wavelength) of calculated and measured results for wool fabrics 
with different mean fibre diameter. 
 
Figure 5- 34: UV reflectance (at 350 nm wavelength) of calculated and measured results for wool fabrics 
with different yarn linear density. 
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Figure 5- 35: UV reflectance (at 350 nm wavelength) of calculated and measured results for wool fabrics 
with different yarn twist. 
 
Figure 5- 36: UV reflectance (at 350 nm wavelength) of calculated and measured results for wool fabrics 
with different cover factor setting. 
There were some deviations between calculated and actual results in the acceptable range. The 
variability of the fibre diameters, the actual arrangement of the fibre arrays in the cross section 
of the yarns could not be controlled and this resulted in deviations between actual test results 
and theoretical idealized assumptions. The test errors of the measurements and calculations of 
the fabric properties may also lead to the deviations. 
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Figure 5- 37: Air permeability results for wool fabrics with different mean fibre diameters (Mean Fibre 
Diameter group). 
 
Figure 5- 38: Air permeability results for wool fabrics with different yarn linear densities (Yarn Linear 
Density group). 
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Figure 5- 39: Air permeability results for wool fabrics with different yarn twists (Yarn Twist group). 
 
Figure 5- 40: Air permeability results for wool fabrics with different cover factor settings (Cover Factor 
group). 
The trends of air permeability of fabrics in Figure 5- 37 to Figure 5- 40 agreed with the trends 
of UV transmittance of fabrics in Figure 5- 33 to Figure 5- 36, and were opposite to the trends 
of UV protection of fabrics (UPF values) in Figure 5- 25. This was because air permeability 
can reflect the openness of the fabrics, which is directly related to the air passing through the 
fabrics, and thus the UV light penetrating through the fabrics.  
In the previous studies, there was a simple relationship between UV protection and fabric cover 
factor in Eq.5- 4 (in Section 5.1.2) [214, 266, 311], which is more suitable for woven fabrics. 
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However, it is hard to understand the way in which the UV light penetrates through the fabrics 
from this equation. In addition, knitted fabrics have more complex constructions than woven 
fabrics. Besides fabric cover factor, there are other factors affecting UV protection, such as the 
fabric weight, bulk density, areal density, stitch density, yarn linear density. Therefore, 
compared with Eq.5- 4, this work provides a more conclusive way to predict UV transmittance 
for knitted fabrics.  
The statistical model and optical model presented in this work have taken all these factors into 
account for predicting the UV protective properties. The predicted results from the optical 
model fitted well with the experimental results. Therefore, the model can be used to predict the 
UV properties of single jersey fabrics.  
Combining the predictive results from both statistical and optical models, the optimised 
parameter range can be obtained for the fabric to confer a high UV protection. The initial 
optimised parameters were inferred as: smaller fibre diameter, larger yarn linear density, lower 
yarn twist and greater cover factor setting. The calculated results from optical model are shown 
in Figure 5- 41. The fabric with the parameters: mean fibre diameter 13.7 ȝm, yarn count 40 
tex , yarn twist 586 T/m and cover factor setting 1.54 tex1/2mm-1 had the lowest UV 
transmittance, giving it the highest UV protection (Figure 5- 41). Thus, fabrics close to this 
parameter range were included in the experiments to verify optimised results. 
 
Figure 5- 41: The predictive results of UV transmittance calculated using optical model for the initial 
optimised parameters. 
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5.2.5 Verifying predictive results 
A lower yarn linear density is required for lightweight fabrics, and the cover factor setting is 
expected to be lower for fabrics with good air permeability. Therefore, optimised parameters 
were adjusted to have a lower yarn linear density and lower cover factor setting. Two single 
jersey fabrics, with a cover factor of 1.28 tex1/2mm-1 were made from yarns with a fibre 
diameter of 13.7 ȝm, yarn count of 25 tex, yarn twist of 586 T/m and a fibre diameter of 14.9 
ȝm, yarn count of 25 tex, yarn twist of 586 T/m. These fabrics were used to confirm the 
predictive results from the statistical model and the optimised results from the optical model. 
The fabric parameters of these two samples were involved in the calculation of UPF values. 
The mean error was obtained as 0.035, which was less than the residual standard deviation 
(prediction error) of the regression model (0.425). This means the statistical model had good 
predictability.  
Using the parameters from these two samples, the calculated results had a good agreement with 
the actual results of UV transmittance. The actual UPF values of these two samples were 15.30 
and 14.62 respectively. The UPF value of 15.30 is placed in the ‘good protection’ range in the 
UPF classification system [292]. Therefore, the optimised parameters (mean fibre diameter 
13.7 ȝm, yarn count 25 tex, yarn twist 586 T/m and cover factor setting 1.28 tex1/2mm-1) for 
undyed and untreated wool knitted fabrics can provide good UV protection to wearers. In 
addition, this small fibre diameter is good for comfort as it reduces prickle [290, 305]. 
Therefore, the optimised parameters are obtained for lightweight spring/summer wool knitted 
fabric design to make the fabrics provide both high UV protection and good comfort. 
5.2.6 Summary for the study on the models’ building up and confirming  
Undyed and untreated wool knitted fabrics with different mean fibre diameter, yarn linear 
density, yarn twist, cover factor setting and structure were examined to study the factors that 
affect UV protection of fabrics. From the test results, the fabric with smaller fibre diameter, 
larger yarn linear density, lower yarn twist and greater cover factor setting had a higher UV 
protection.  
Based on the data analysis, the statistical model showed the relationship between yarn/fabric 
parameters and UV protection of fabrics. This model recommended that fabrics with larger 
thickness, larger areal density, larger area modulus of stitch, smaller course length, larger loop 
[CHAPTER FIVE] 
165 
length, larger yarn linear density and lower porosity could provide a higher UPF value. This 
relationship was used as a guide for setting the parameters for the optical model.  
The optical model was built up to understand how the UV and visible light penetrate through 
the fabric, considering the fibre/yarn/fabric parameters. The calculated results from the optical 
model were consistent with the experimental results. Combining the predictive results both 
from statistical and optical models, the optimised parameters were adjusted as: mean fibre 
diameter 13.7 ȝm, yarn count 25 tex, yarn twist 586 T/m, and cover factor setting 1.28 
tex1/2mm-1 for lightweight spring/summer knitted fabric design. The fabrics with the optimised 
results were confirmed and the verified fabrics provide both high UV protection and good 
comfort. 
5.3 Summary for the fabric part work 
In the study on the effect of fabric structure on the UV protective properties of fabric, fabric 
mass, cover factor, yarn linear density, thickness and structure were involved in the 
experimental design by keeping several parameters constant and varying others. With the 
comprehensive analysis, the fabric bulk density, areal density and thickness were more 
important in determining the UV protection of fabrics. 
For further study of the effects of fabric parameters on the UV protection of fabrics, undyed 
and untreated wool knitted fabrics with different mean fibre diameter, yarn linear density, yarn 
twist, cover factor setting and structure, were examined. Besides mean fibre diameter, yarn 
linear density, yarn twist, fabric cover factor, and fabric structure, more fabric physical 
parameters were involved in the statistical analysis, including thickness, mass per volume (bulk 
density), mass per area (areal density), area modulus of stitch, porosity, space between loops 
and stitch density (courses and wales per unit length). Based on the data analysis, the statistical 
predictive model showed the relationship between yarn/fabric parameters and UV protection 
of fabrics. This model recommended that fabric with larger thickness, larger areal density, 
larger area modulus of stitch, smaller course length, larger loop length, larger yarn linear 
density and lower porosity could provide a higher UPF value. This relationship was used as a 
guide for setting the parameters for the optical model.  
For the theoretical research, the optical model for single jersey knitted fabric was set up to 
understand how the UV and visible light penetrates through the loops with considering the 
fibre/yarn/fabric parameters. The optical model has been confirmed by the experimental 
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method. Through comprehensive analysis on the predictive results from both statistical and 
optical models, optimised parameter groups were obtained for lightweight spring/summer 
knitted fabric design. The optimised parameters were adjusted as: average fibre diameter 13.7 
ȝm, yarn count 25 tex and yarn twist 586 T/m and cover factor setting 1.28 tex1/2mm-1 for the 
knitted fabric to give it a high UV protection and good comfort.  
The next step is to confirm whether the fabric with the optimised parameters offers better UV 
protection than treated fabrics with other parameters. The details for the research are described 
in the following Chapter (Chapter 6). 
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6 Treatment on the fabrics to improve the UV protection 
This chapter investigates the chemical coating treatment of knitted fabrics with ZnO particles 
in order to enhance their UV protection. The aim was to investigate the changes in mechanical 
and UV properties caused by the addition of coatings to the textiles to determine whether the 
fabric thermal comfort [316 pp.164] would be compromised. Both nano and micro size ZnO 
particles were used. The particle size and the coating weight ratio of ZnO were also considered 
in the analysis.  
Standard single jersey structure treated fabrics were compared with fabric with optimised fibre, 
yarn and structure parameters obtained from the findings of previous chapters of this thesis. 
The aim was to confirm whether the optimised parameters for the fabric design could provide 
for fabric with a relatively good UV protection for the wearer. UV protection without chemical 
treatments would enable more friendly UV protective fabrics for both the wearer and the 
environment. 
In this study, the UV properties measured included transmittance, reflectance, absorption and 
UPF values. Thermal comfort properties measured included air permeability, water vapour 
transmission, and water vapour permeability. Mechanical properties investigated were the 
tensile properties of load, extension and elongation at break and the bending stiffness properties 
of the bending modulus. 
6.1 ZnO coating treatment on the wool fabrics 
6.1.1 Experiments 
6.1.1.1 Materials  
(1) Physical effects of coating treatment on UV, thermal comfort and mechanical 
properties of fabrics 
The wool fabric used was 100% non-treated wool fabric, with a single jersey structure, with a 
mass per unit area of 144.6 g/m2, mean fibre diameter of 17.5 ȝm, yarn count of 25 tex, yarn 
twist of 586 T/m, and cover factor of 1.28 tex1/2mm-1. The cotton fabric used was 100% cotton 
fabric, with plain-woven structure, with a mass per unit area of 130.7 g/m2 for the fabric areal 
density. The details of the coating conditions for the coated wool and cotton fabrics are shown 
in Table 6- 1. 
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Table 6- 1: Coating conditions. 
Particle 
size 
Fibre 
type 
Fabric 
structure 
ZnO% Mass per 
unit area 
(g/m2) 
Thickness 
(mm) 
uncoated wool knitted 0% 144.6 0.764 
nano  wool knitted 0.5% 146.5 0.820 
nano  wool knitted 1% 148.1 0.853 
nano  wool knitted 3% 149.3 0.853 
micro  wool knitted 0.5% 144.8 0.834 
micro  wool knitted 1% 146.2 0.844 
micro  wool knitted 3% 148.9 0.860 
uncoated cotton woven 0% 130.7 0.429 
nano  cotton woven 0.5% 133.7 0.556 
nano  cotton woven 1% 138.1 0.521 
nano  cotton woven 3% 139.9 0.585 
micro  cotton woven 0.5% 135.2 0.480 
micro  cotton woven 1% 135.8 0.484 
micro  cotton woven 3% 139.7 0.484 
(2) Physical properties of fabrics for the comparison between the optimised 
fabrics and the coated fabrics 
The fabrics, with the lowest UPF values in the diameter, yarn linear density, yarn twist and 
cover factor setting groups, were coated using nano size ZnO particles with a concentration of 
1% (o.w.f). The four single jersey wool fabrics were numbered Fabrics 1 to 4. The uncoated 
fabrics with optimised parameters (Optimised 1 and 2), which were obtained from research 
findings in the previous chapters, were used to compare with the coated fabrics. The parameter 
details are shown in Table 6- 2.  
Table 6- 2: Details of fabric samples. 
Fabric ID Fabric 
structure 
Mean 
fibre 
diameter 
(ȝm) 
Yarn 
linear 
density 
(Tex) 
Yarn 
twist 
(T/m)  
Cover 
factor 
(tex1/2
mm-1) 
Particle 
size 
ZnO
% 
Mass 
per unit 
area 
(g/m2) 
Thickness 
(mm) 
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Optimised 1 Single jersey 13.7 25 586 1.28 uncoated 0% 147.2 0.754 
Optimised 2 Single jersey 14.9 25 586 1.28 uncoated 0% 146.9 0.756 
Fabric 1 Single jersey 23.7 25 586 1.28 nano 1% 132.7 0.924 
Fabric 2 Single jersey 17.5 18 586 1.28 nano  1% 128.1 0.726 
Fabric 3 Single jersey 17.5 25 662 1.28 nano  1% 140.1 0.758 
Fabric 4 Single jersey 17.5 25 586 1.28 nano  1% 136.1 0.770 
6.1.1.2 Chemical
Zn(Ac)2ͼ2H2O, Polyvinyl Pyrrolidone (PVP), ethanol, NaOH solution, NaOHͼH2O, and hexane 
were purchased in an analytical grade (Sigma-Aldrich Co. LLC., Australia).  
6.1.1.3 Preparation of ZnO nano particles (NPs) 
Synthesis of ZnO NPs followed the method described by Wang et al [317]. In a typical run, 
0.27g of Zn(Ac)2ͼ2H2O and 0.5g of Polyvinyl Pyrrolidone (PVP) were dissolved in 50 mL of 
ethanol and refluxed at 60 °C for 0.5 hours under constant stirring. The reaction solution was 
then allowed to cool to room temperature before a NaOH solution was added into the reaction 
solution, drop wise under constant stirring, to form PVP-capped ZnO NPs. The NaOH solution 
was prepared separately by dissolving 0.09 g of NaOHͼH2O in 50 mL of ethanol at room 
temperature in an ultrasonic bath. The combined solution was then stirred continuously at 60 °C 
for up to 3 hours. The PVP-capped ZnO NPs were flocculated from ethanol by the addition of 
hexane (30 mL of hexane/10 mL of reaction mixture) and subsequently separated by 
centrifugation at 6000 rpm for 10 min. After separation the ZnO NPs were washed with an 
ethanol/hexane mixture 3 times. 
6.1.1.4 Preparation of micro size ZnO particles  
The micro size ZnO powder was purchased as ‘Nanosun Zinc Oxide P99/30’. It was produced 
to standards equivalent to USP/BP quality, by Micronisers Pty Ltd (Australia). Nanosun™ Zinc 
Oxide P99/30 is a non-porous, crystalline nanomaterial powder that is practically insoluble in 
water. The mean particle size provided by the manufacturer was 30-50 nm (DLS). The actual 
particle size was checked using a Mastersizer particle size analyser (Malvern Instruments Ltd, 
UK) and the results showed micro particles with a mean particle size of 6.5 ȝm. For this reason, 
it is referred to as ‘micro size ZnO’ in this work. 
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The micro size ZnO powder was dispersed in ethanol with ultrasonic irradiation, and the 
solution was used for coating treatment. 
6.1.1.5 Coating method
The uncoated and coated fabric specimens were preconditioned by bringing them to 
approximate moisture equilibrium in the standard atmosphere for preconditioning textiles, 
which is at a temperature of 20 ± 2 °C and a relative humidity of 65 ± 2%.  
ZnO NPs ethanol solutions were coated on fabrics 1 to 4 at a ZnO concentration of 1%. The 
ZnO concentration (ܼܱ݊Ψ) was obtained from the equation (Eq.6- 1) that: 
ܼܱ݊Ψ ൌ ௓௡ை௪௘௜௚௛௧௙௔௕௥௜௖௪௘௜௚௛௧ ൈ ͳͲͲΨ                                           Eq.6- 1 
and the unit of the concentration was o.w.f (means on the weight of fabric).  
The fabrics (with a mean fibre diameter of 17.5 ȝm, yarn count of 25 tex, yarn twist of 586 
T/m, and cover factor of 1.28 tex1/2mm-1) were coated with the solution of nano and micro size 
ZnO particles, separately. The application of different concentrations (ZnO%: 0.5%, 1% and 
3%) was to investigate the effect of concentration on the changes of UV, thermal comfort and 
mechanical properties. All fabrics were coated by a dip coating method. After coating, the 
treated fabrics were dried in darkness at room temperature overnight [318]. 
6.1.1.6 Conditioning 
6.1.1.7 Measurement methods 
(1) UV transmittance, reflectance, UPF values, thickness and weight of fabrics 
Diffuse transmittance (T%), diffuse reflectance (DR) spectra, UPF values, thickness and 
weight of fabric samples were measured using the same measurement methods detailed in 
Chapters 3, 4 and 5. 
(2) Particle size 
The size of Nanosun™ Zinc Oxide P99/30 powder was measured using a Mastersizer Hydro 
2000S particle size analyser (Malvern Instruments Ltd., UK). The ZnO powder was dispersed 
in isopropanol, and 30 mL of solution containing the sample was used for the measurement.  
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(3) Air permeability 
Air permeability was measured using FX 330 Air Permeability Tester III (Textest AG, Zürich, 
Switzerland). According to ASTM D373-04 (2012) [319], a circular test area of 38.3 cm2, a 
test pressure of 125 Pa and the unit of measure of cm3/cm2/s was applied. 
(4) Moisture transfer 
The moisture transfer properties of fabrics were measured in Platinum Series temperature and 
humidity standard chamber (Espec, Japan). Control of airflow over the surface of the fabrics 
was achieved using the fan system of a sweating guarded hotplate Model 306-421 (Thermetrics, 
USA). Testing was performed according to standard E96/E96M-12 [320], with the chamber 
controlled to provide an environment with a temperature of 23 ± 1 °C and a relative humidity 
of 50 ± 2%. The air velocity over the specimen was controlled to be between 0.02 and 0.3 m/s. 
The samples were placed inside the chamber, as shown in Figure 6- 1 (a).  
The fabric specimens were attached to the dish using double-sided tape. The dish contained 
distilled water and the change of weight of the dish determined the rate of vapour movement 
through the specimen from the water side to the controlled atmosphere. Glass petri dishes with 
a 90 mm diameter and 19 mm height were used for this test. The attached specimen was sealed 
to the dish with packing tape to resist the passage of water vapour through the sides of the 
fabric. Each sample type was tested with four replicates, with one of the four specimens 
containing a pair of temperature and humidity sensors on both sides of the fabric (the side 
facing the inside of dish and the other side facing the surroundings). The sensors used were 
SHT71 combined with the evaluation kit EK-H4 (Sensirion AG, Switzerland). The information 
gathered from the sensors was relative humidity, temperature, calculated dew point and energy 
consumption. The fabric specimens with sensors attached are shown in Figure 6- 1 (b).  
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Figure 6- 1: The photos of samples during moisture transfer measurements. 
A balance with a sensitivity of 0.0001 g was used to measure the weight change of water during 
the steady-state period. The water vapour transmission (ܹܸܶ), water vapour permeability 
(ܹܸܲ) and their standard errors of each sample were calculated by the following equations 
(Standard E96/E96M-12).  
ܹܸܶ ൌ ீ௧௜௠௘ή஺                                                          Eq.6- 2 
where, ܩ is the weight change (g), ݐ݅݉݁ is the time during which ܩ occurred (h), ܣ is the test 
area (cup mouth area) (m2), and ܹܸܶ is the rate of water vapour transmission (g/(hͼm2)). 
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ܹܸܲ ൌ ௐ௏்ൈ௧௛௜௖௞௡௘௦௦ο௣ ൌ
ௐ௏்ൈ௧௛௜௖௞௡௘௦௦
ௌሺுೠభିுೠమሻ                                     Eq.6- 3 
where, ܹܸܲ is the water vapour permeability [321] (g/(hͼmͼPa)), ο݌ is the vapour pressure 
difference (Pa), ܵ is the saturation vapour pressure at test temperature (Pa), ܪ௨ଵ is the relative 
humidity at the source expressed as a fraction (on the fabric inside surface in the dish), and 
ܪ௨ଶis the relative humidity at the vapour sink expressed as a fraction (on the fabric outside 
surface out of the dish).  
(5) Fabric stiffness 
A Fabric Stiffness Tester MOO3B (Sdl Atlas, Inc., USA) was used to measure the bending 
length according to Australian standard AS 2001.2.9-1977 [322]. Both weft and warp 
directions of cotton fabric were tested. Mean bending length, flexural rigidity and bending 
modulus were calculated following the equations, as shown in AS 2001.2.9-1977.  
Mean bending length (ܥ), in millimetres, for lengthwise (warp) or widthwise (weft) direction 
was calculated separately from Eq.6- 4:  
ܥ ൌ ͳͲݏ௖                                                                         Eq.6- 4 
Flexural rigidity (ܨ௥ ), in micronewton-metres, for lengthwise or widthwise direction was 
calculated separately from Eq.6- 5: 
ܨ௥ ൌ ͻǤͺ݉௔ܥଷ ൈ ͳͲି଺                                                            Eq.6- 5 
Bending modulus (ݍ), in micronewtons per square metre, for lengthwise or widthwise direction 
was calculated separately from Eq.6- 6: 
ݍ ൌ ଵଶிೝ௧೓య ൈ ͳͲ
ିଷ                                                              Eq.6- 6 
where, ܥ is the mean bending length (mm), ݏ௖is the scale reading, ܨ௥ is the flexural rigidity 
(ȝN·m), ݉௔ is the mass per unit area of the cloth (g/m2), q is the bending modulus (ȝN/m2), 
ݐ௛ is the thickness of cloth (mm). 
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(6) Fabric strength 
Tensile strength of fabrics was measured using a 5967 constant rate of extension device 
(Instron Pty Ltd., USA). The gauge length was 70 mm, specimen size was 25 mm × 125 mm 
and a rate of extension of 300 ± 10 mm/min. Load (N), extension (mm) and elongation at break 
(%) were reported for each fabric sample with weft and warp directions tested separately. 
(7) Scanning electron microscopy (SEM) 
Coated fabrics were attached to conductive carbon tape on aluminium stubs and sputter coated 
with carbon for imaging by a Supra 55 VP scanning electron microscope (SEM) (Carl Zeiss 
AG, Germany). The distributions of ZnO particles on the fibres and the whole fabric are shown 
in SEM images. The working voltage was 10 kV and the working distance was 9.7 mm.  
6.1.2 Comparison between nano size and micro size ZnO coating treatments 
To compare the properties between nano size and micro size ZnO particle coated fabrics, the 
UV, thermal comfort and mechanical properties of fabrics were measured and discussed below, 
including UV protection, air permeability, moisture vapour permeability, fabric stiffness and 
tensile strength. Wool fabrics with a single jersey knitted structure and cotton fabrics with a 
plain weave structure were coated with both nano and micro size ZnO particles. The different 
concentrations applied in the coating treatment were 0.5%, 1% and 3%.  
6.1.2.1 The size of ZnO particles 
The size of Nanosun™ Zinc Oxide P99/30 was 6.9 ȝm, due to the aggregation of the particles 
during chemical treatment. The ZnO powder coated on the fabric had a micro size structure 
that was confirmed by SEM images (Figure 6- 2).  
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Figure 6- 2: SEM images for coated fibres: (a) nano size ZnO coated cotton fibre; (b) nano size ZnO 
coated wool fibre; (c) micro size ZnO coated cotton fibre; (d) micro size ZnO coated wool fibre. 
 
Figure 6- 3: SEM images for coated fabrics: (a) nano size ZnO coated cotton fabric; (b) nano size ZnO 
coated wool fabric; (c) micro size ZnO coated cotton fabric; (d) micro size ZnO coated wool fabric. 
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From SEM images, the ZnO particles with nano size were distributed more evenly on the fibre 
surface, in Figure 6- 2 (a) and (b), than those with a much larger size in Figure 6- 2 (c) and (d). 
The particle size of the nano ZnO was around 10 nm (from Figure 6- 2 (b)). The synthesis 
method and direct use of the synthesized particle helped in the dispersion and even coating of 
the nano ZnO particles (Figure 6- 2 (a) and (b)). The Nanosun product was received as a ball 
milled powder in dry form. This made it difficult to disperse the particle before coating, which 
resulted in agglomerated particles attached to the fibre surface (Figure 6- 2 (c) and (d)).  
Although particle size analysis results showed that the size of ZnO powder (Nanosun™ Zinc 
Oxide P99/30) was 6.9 ȝm, there were ZnO particles of nano size on the fibre surface in Figure 
6- 2 (c) and (d), and the minimum size of ZnO particles was less than 50 nm. Most ZnO 
particles larger than 0.15 ȝm were agglomerated. Considering both results from particle size 
analysis and SEM images, ZnO particles from ZnO powder were defined as ‘micro size’ ZnO 
particles.   
Figure 6- 3 shows the gaps between the yarns in the coated wool and cotton fabrics with the 
ZnO% of 3%. Since the space between the yarns is much larger than the particle size the particle 
has little effect in inhibiting the transfer of UV light through these air-filled zones. 
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6.1.2.2 UV properties 
 
Figure 6- 4: UV transmittance of uncoated and coated fabrics with different concentrations of nano and 
micro size ZnO particles: (a) wool and (b) cotton. 
As expected, the UV transmittance of fabrics decreased with the increase of ZnO concentration 
for both wool and cotton fabrics coated both nano and micro size ZnO particles (Figure 6- 4). 
After ZnO coating treatment, the coated wool and cotton fabrics had a lower UV transmittance 
than untreated fabrics. In the 350ņ400 nm (UVA range), the UV blocking effect of ZnO is 
relative high [140, 145], so the UV transmittance decreased more from 350 nm to 400 nm on 
both fibre types (Figure 6- 4 (a) and (b)). 
The difference between UV transmittance of fabrics coated with nano and micro size particles 
of ZnO was compared. When applied to wool fabrics, the nano size particles (NPs) of ZnO 
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were not as effective as the micro size particles (MPs). For all three ZnO concentrations (0.5%, 
1%, and 3%), the UV transmittance of coated fabrics with NPs was slightly larger than that of 
coated fabrics with MPs, especially in the wavelength range of 330ņ400nm. The difference in 
UV transmittance of fabrics coated with ZnO NPs was greater than ZnO MPs with higher 
concentrations of ZnO. A similar trend was seen with the ZnO coated cotton fabrics. 
 
Figure 6- 5: UV reflectance of uncoated and coated fabrics with different concentrations of nano and 
micro size ZnO particles: (a) wool and (b) cotton. 
Figure 6- 5 shows the reflectance results for the wool and cotton fabrics coated with both NPs 
and MPs of ZnO. In the lower wavelength, UV reflectance of fabrics decreased with the 
increase of ZnO concentration (ZnO%). However, over a wavelength of 385 nm the UV 
reflectance increased for most of the ZnO coated fabrics. 
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For wool fabrics with each of the three ZnO% at a UV wavelength lower than 385 nm, the UV 
reflectance of the ZnO NPs coated fabrics was greater than that of ZnO MPs coated fabrics. 
Above a wavelength of 385 nm, the comparison results were the reverse. An increase in the 
concentration of ZnO for both NPs and MPs caused an increase in the wavelength range where 
the UV reflectance of coated fabrics was different. For cotton fabrics, the turning point was at 
a wavelength of 380 nm. This finding indicates that the application of ZnO coating treatment 
on wool and cotton fabrics increased UV light reflectance in the region from 385 nm (380 nm 
for cotton fabrics) to 400 nm, when compared to the untreated wool and cotton fabrics. 
The UV absorption (ܣ ) of fabrics was obtained by the equation of ܣ ൌ ͳ െ ܶ െ ܴǤ  The 
comparison results showed that the UV absorption of fabrics increased with the increase of 
ZnO%, and both wool and cotton fabrics coated with ZnO MPs had a slightly higher UV 
absorption than those coated with ZnO NPs. It also indicated that the application of ZnO 
coating treatment on wool and cotton fabrics increased UV light absorption in the region of 
310ņ385 nm for wool fabrics (which is in the range of wavelength in reference [139]), and the 
region of 350ņ380 nm for cotton fabrics, when compared to untreated wool and cotton fabrics. 
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Figure 6- 6: UPF values of uncoated and coated fabrics with different concentrations of nano and micro 
size ZnO particles: (a) wool and (b) cotton. 
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Figure 6- 7: UVA and UVB transmittance of uncoated and coated wool fabrics with different 
concentrations of nano and micro size ZnO particles: (a) UVA transmittance and (b) UVB transmittance. 
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Figure 6- 8: UVA and UVB transmittance of uncoated and coated cotton fabrics with different 
concentrations of nano and micro size ZnO particles: (a) UVA transmittance and (b) UVB transmittance. 
The coated fabrics had greater UPF values than untreated fabrics in Figure 6- 6. Figure 6- 7 
and Figure 6- 8 indicate that for both wool and cotton fabric, the UVA transmittance of fabrics 
decreased slightly with the increase in ZnO% from 0% to 1%, while, it reduced dramatically 
with the increase in ZnO% from 1% to 3%. There were small differences in UVB transmittance 
of fabrics among the fabrics coated with ZnO% from 0.5% to 3%, especially for cotton fabrics. 
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6.1.2.3 Physical properties
 
Figure 6- 9: Air permeability of uncoated and coated fabrics with different concentrations of nano and 
micro size ZnO particles: (a) wool and (b) cotton. 
Air permeability. Except for the cotton fabric coated using MPs with ZnO% of 1%, the air 
permeability of fabrics decreased after coating treatment (Figure 6- 9). 
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Figure 6- 10: Water vapour transmission of uncoated and coated fabrics with different concentrations of 
nano and micro size ZnO particles: (a) wool and (b) cotton. 
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Figure 6- 11: Water vapour permeability of uncoated and coated fabrics with different concentrations of 
nano and micro size ZnO particles: (a) wool and (b) cotton. 
Moisture transfer property. Water vapour transmission describes how much water vapour 
transmits through the fabrics during environmental conditions where temperature is 23 ± 1 °C 
and relative humidity is 50 ± 2% with a surface parallel air velocity over the specimen at 
between 0.02 and 0.3 m/s (no wind) in a time period. Figure 6- 10 shows the water vapour 
transmission results of wool and cotton fabrics coated with different ZnO%.  
Water vapour transmission (ܹܸܶ) is a measure of the passage of water vapour through a 
material per unit area per unit time. The material moisture transfer characteristics can be viewed 
by ܹܸܶ  generally. However, in the definition of ܹܸܶ , the water vapour partial pressure 
difference between the inner and outer surfaces of the sample, which is the driving force of the 
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moisture transfer process, is neglected. Water vapour permeability (ܹܸܲ) is a measure of the 
ability of a material to transfer water vapour with the consideration of the factor of pressure. 
ܹܸܲ can lead to a deeper understanding of the moisture transfer characteristics of materials. 
Additionally, this property takes fabric thickness into account, which plays an important role 
in the water vapour transfer process. 
It is a little difficult to identify the changing trends of ܹܸܶ and ܹܸܲ from Figure 6- 10 and 
Figure 6- 11. Statistical analysis was used to further clarify the factors of ZnO% and the size 
of ZnO particles that affected the transmission of water vapour through the fabrics to reveal 
the relative significance of these factors, and to improve the understanding of the effect of 
coating treatment on the water vapour transport through the fabrics. One-way ANOVA was 
used to analyse the data with homogenous variances, and K-Independent Samples analysis 
(with Jonckheere-Terpstra Test) was used to analyse the data with nonhomogeneous variances. 
The analysis results are shown in the next Section (6.1.2.4). 
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Figure 6- 12: Bending length of uncoated and coated cotton fabrics with different concentrations of nano 
and micro size ZnO particles: (a) in the weft direction and (b) warp direction. 
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Figure 6- 13: Flexural rigidity of uncoated and coated cotton fabrics with different concentrations of nano 
and micro size ZnO particles: (a) in the weft direction and (b) warp direction. 
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Figure 6- 14: Bending modulus of uncoated and coated cotton fabrics with different concentrations of 
nano and micro size ZnO particles: (a) in the weft direction and (b) warp direction. 
Fabric stiffness. This work focusses on the analysis of the bending modulus rather than mean 
bending length and flexural rigidity. The bending modulus is related to the degree of stiffness 
where the thickness is considered with the resistance to bending. Two fabrics may have the 
same flexural rigidity but if there is a marked degree of difference in thickness, the thinner 
fabric will have a higher bending modulus and will be regarded as the 'stiffer' of the two. 
Therefore, to evaluate the fabric stiffness, the bending modulus (ݍ) was more appropriate for 
considering both the fabric mass per unit area and fabric thickness. Figure 6- 12 to Figure 6- 
14 show the changes of the mean bending length, flexural rigidity and bending modulus of 
cotton fabrics after coating treatments. Table 6- 3 shows the data of the bending measurements. 
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Table 6- 3 Results of bending length, flexural rigidity and bending modulus of the uncoated fabrics and 
the fabrics coated with both nano and micro ZnO. 
Weft direction Mean Bending Length 
(mm) (C) 
 
Flexural Rigidity (G) 
 
Bending Modulus (q) 
 
Particle size Concentrati
on 
Average Standard 
Error 
Average Standard 
Error 
Average Standard 
Error 
nano ZnO uncoated 25.33 0.280 20.88 0.664 3.18 0.101 
 0.5% 25.2 0.384 21.11 0.988 1.47 0.069 
 1% 28.46 0.417 31.37 1.351 2.66 0.114 
 3% 33.59 0.337 52.09 1.546 3.12 0.093 
micro ZnO uncoated 25.33 0.280 20.88 0.664 3.18 0.101 
 0.5% 33.15 0.308 48.38 1.355 5.25 0.147 
 1% 33.21 0.635 49.21 2.759 5.22 0.292 
 3% 31.54 0.598 43.36 2.569 4.60 0.272 
Warp direction Mean Bending Length 
(mm) (C) 
 
Flexural Rigidity (G) 
 
Bending Modulus (q) 
 
Particle size Concentrati
on 
Average Standard 
Error 
Average Standard 
Error 
Average Standard 
Error 
nano ZnO uncoated 23.07 0.193 15.76 0.379 2.40 0.058 
 0.5% 23.22 0.377 16.53 0.852 1.15 0.059 
 1% 23.7 0.350 18.12 0.810 1.54 0.069 
 3% 25.51 0.282 22.83 0.744 1.37 0.045 
micro ZnO uncoated 23.07 0.193 15.76 0.379 2.40 0.058 
 0.5% 22.57 0.353 15.34 0.735 1.66 0.080 
 1% 23.35 0.225 16.98 0.501 1.80 0.053 
 3% 22.03 0.296 14.71 0.632 1.56 0.067 
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Figure 6- 15: Tensile strength (load) of uncoated and coated cotton fabrics with different concentrations 
of nano and micro size ZnO particles: (a) in the weft direction and (b) warp direction. 
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Figure 6- 16: Elongation of uncoated and coated cotton fabrics with different concentrations of nano and 
micro size ZnO particles: (a) in the weft direction and (b) warp direction. 
Mechanical property. Figure 6- 15 shows that, after ZnO coating treatments, in the weft 
direction the load at break (tensile strength) declined for the ZnO NPs coated fabrics, but the 
load at break increased for the ZnO MPs coated fabrics. Figure 6- 16 illustrates that the 
elongation at break changed after ZnO coating treatments. Whether or not the differences in 
load and elongation at break are significant will need to be further studied by statistical analysis. 
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6.1.2.4 Results and discussion 
(1) Effect of coating treatment 
For UV properties, SPSS statistical analysis results showed nano and micro ZnO coating 
treatment had a significant effect on the UPF values for both wool and cotton fabrics (P<0.05). 
After ZnO coating treatment, the coated fabrics had much higher UV protection than uncoated 
fabrics. 
For air permeability, statistical analysis results showed that, ZnO coating treatments had a 
significant effect on the air permeability of fabrics for coated wool fabrics (with both NPs and 
MPs of ZnO) and cotton fabrics coated with ZnO MPs (P<0.05). The coated fabrics had lower 
air permeability than uncoated ones, except for cotton fabrics coated with 1% ZnO MPs. While 
nano coated cotton fabrics had no significant difference in air permeability compared with 
uncoated fabrics (P>0.05).  
Air permeability results are different from the studies of Yadav et al [323]. They used cotton 
woven fabrics (75.3 g/m2) and reported that nano ZnO coating increased the air permeability 
of fabric due to the uniform and very thin distribution of nano ZnO [323]. In contrast, this work 
found that the cotton woven fabric that was coated using MPs with ZnO% of 1% was an 
exception, since it was the only coated fabric that had higher air permeability than uncoated 
cotton fabrics. Under all other conditions (other fabric type or other ZnO%), the air 
permeability of coated fabrics was lower than that of uncoated fabrics. Therefore, the diversity 
in both nano ZnO and fabric parameters explains the difference in results from Yadav’s.  
For water vapour transmission (ܹܸܶ), statistical analysis showed that for both wool and cotton 
fabrics, NPs and MPs of ZnO coating treatments had no significant difference on ܹܸܶ of 
fabrics (P>0.05). This means the ܹܸܶ of coated fabrics did not change after coating treatment. 
However, the ZnO coating treatment had a significant effect on ܹܸܲ of both wool and cotton 
fabrics (P<0.05). Except for ZnO NPs coating cotton fabrics with ZnO% of 0.5%, the data for 
all other fabrics showed that coated fabrics had lower ܹܸܲ than uncoated fabrics. 
To explain why the coated fabrics had lower air permeability and ܹܸܲ, there were three main 
factors that could affect the air and moisture flowing through the coated fabrics: the amount of 
ZnO particles attached on the fabrics, the distribution of these particles and the aggregation 
situation. 
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For fabric stiffness, the data statistical analysis results demonstrated that, in the weft direction, 
both nano and micro ZnO coating treatment had significant effects on the mean bending length, 
flexural rigidity and bending modulus of cotton fabrics (P<0.05). In the weft direction, after 
nano ZnO coating treatment, the mean bending length and flexural rigidity increased, and the 
bending modulus decreased. However, after micro ZnO coating treatment, the mean bending 
length, flexural rigidity and bending modulus all increased. In the warp direction, both nano 
and micro ZnO coating treatment had no significant effect on both the mean bending length 
and flexural rigidity of cotton fabrics (P>0.05), but had a significant effect on the bending 
modulus (P<0.05). Following both nano and micro ZnO coating treatment, the coated cotton 
fabrics had a lower bending modulus than uncoated fabrics. 
For mechanical property, in the weft direction, coating treatments with both nano and micro 
ZnO particles had no significant effect on the load at break (P>0.05) but had significant effect 
on the elongation at break (P<0.05). After ZnO coating treatment, the load at break did not 
change, but the elongation at break of fabric in the weft direction increased, compared with 
uncoated fabrics. Conversely, in the warp direction, the coating treatments with both nano and 
micro ZnO particles had a significant effect on the load (P<0.05), but no significant effect on 
the elongation at break (P>0.05). After ZnO coating treatment, the load at break increased, but 
the elongation at break of fabrics in the weft direction did not change, compared with uncoated 
fabric. 
(2) Effect of ZnO% 
For UV property, the concentration of ZnO (ZnO%, ratio of weight between ZnO and fabric) 
had a significant effect on the UPF values of coated fabrics (P<0.05), and the UPF values of 
coated fabrics increased with increasing ZnO% from 0.5% to 3% (P<0.05). When the ZnO% 
increased from 0% to 0.5%, there was οܼܱ݊Ψ ൌ ͲǤͷΨ, and οܷܲܨ଴ǤହΨΨ ൌ ௎௉ிబǤఱΨି௎௉ிబΨ௎௉ிబǤఱΨ ൈ
ͳͲͲΨ, where ܷܲܨ଴ǤହΨ and ܷܲܨ଴Ψ are the UPF of the 1% ZnO coated fabric and untreated 
fabric, respectively. οܷܲܨ଴ǤହΨΨ represents the percentage of D-value of UPF (οܷܲܨ) to the 
UPF value of the untreated fabric. This describes how much the percentage of UPF is increased, 
after ZnO% is increased from 0% to 0.5%. Similarly, the οܷܲܨଵΨΨ, οܷܲܨଶΨΨ, οܷܲܨଷΨΨ 
were obtained using the D-value of ܷܲܨଵΨ െ ܷܲܨ଴Ψ, ܷܲܨଷΨ െ ܷܲܨଵΨ, and ܷܲܨଷΨ െ ܷܲܨ଴Ψ. 
Therefore, after calculation, when οܼܱ݊Ψ  was improved from 0.5% to 3%, there were: 
οܷܲܨΨ was increased from 20% to 92% for wool fabrics coated with ZnO NPs; οܷܲܨΨ was 
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19% to 80% for wool fabrics coated with ZnO MPs; οܷܲܨΨ was 14% to 32% for cotton 
fabrics coated with ZnO NPs; and οܷܲܨΨ was 15% to 30% for cotton fabrics coated with 
ZnO MPs.   
For air permeability, SPSS showed that ZnO% had a significant effect on the air permeability 
of the fabrics, for wool fabrics coated with ZnO NPs and cotton fabrics coated with ZnO MPs 
(P<0.05). For the wool fabrics coated with ZnO MPs, there was no significant difference in the 
air permeability of coated wool fabrics with different ZnO% (P>0.05).  
For moisture transfer property, for ZnO NPs coated wool fabrics and ZnO NPs and MPs coated 
cotton fabrics, there were significant differences in the ܹܸܲ among the fabrics coated with 
different ZnO% (P<0.05). The ZnO% had no significant effect on ܹܸܲ of fabrics (P>0.05) for 
ZnO MPs coated wool fabrics only. For the ZnO MPs coated cotton fabrics, the ܹܸܲ 
decreased with increasing ZnO%. This indicates that the larger amount of ZnO particles coated 
on the fabric surface increased the resistance of the penetration of the water vapour through the 
fabric, and reduced the water vapour permeability of the coated fabrics. These findings are 
supported by previous work on the GPS/nano-ZnO composite film, in which it reported that 
the water vapour permeability of the film decreased as the nano-ZnO content (wt %) increased 
(GPS means a glycerol plasticized-pea starch) [321].  
For fabric stiffness of nano ZnO coated fabrics in the weft direction, the ZnO% had significant 
effect on the mean bending length, flexural rigidity and bending modulus of fabrics (P<0.05). 
With the growing ZnO%, these three properties (mean bending length, flexural rigidity and 
bending modulus) all increased in the weft direction. For micro ZnO coated fabrics, in both 
weft and warp directions, the ZnO% had no significant effect on the three properties (mean 
bending length, flexural rigidity and bending modulus) (P>0.05). Therefore, different ZnO% 
of MPs for the coating treatment had limited influence on the fabric stiffness. 
For mechanical properties, in the warp direction, the ZnO% had a significant effect on the load 
at break (P<0.05), and the load at break of nano coated fabrics increased with increase in ZnO%. 
In the weft direction, the ZnO% also had a significant effect on the elongation at break of 
fabrics (P<0.05). 
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(3) Effect of fabric structure (or fibre type) 
For UV properties, the cotton fabrics had greater UPF values than wool fabrics in this study, 
due to cotton fabrics having less openness in the woven structure than the knitted structure 
(wool fabric) in this work. Statistical analysis showed the effect of fabric structure (knitted and 
woven) or fibre type (wool and cotton) on the UPF values was significant under all ZnO% 
conditions (P<0.05). Despite this, from the calculated data above in Section 6.1.2.4 (2), the 
increased οܷܲܨΨ of wool fabrics was much greater than cotton fabrics. This may be because 
the surface area of wool fibres was larger than that of cotton fabric. Also, there are many scales 
on the wool fibres and both characteristics could allow the wool fibres to carry more particles 
than cotton fabrics.  
The air permeability of all wool knitted fabrics (uncoated and coated fabrics) was greater than 
that of all cotton woven fabrics. This is because the air permeability is highly dependent on the 
fabric structure and thickness. The knitted fabrics were looser and had more openness than 
woven fabrics used in this experiment.  
For moisture transfer properties, SPSS data analysis showed that there was no significant 
difference in ܹܸܶ between wool and cotton fabrics, however there was significant difference 
in ܹܸܲ. It is expected that wool fabrics have higher air permeability than cotton fabrics, since 
the knitted structure of the wool fabric has more openness and larger open areas than the woven 
cotton fabric in this study. This is because air permeability basically depends on the fabric 
thickness and fabric structure. However, for the ܹܸܲ, there is a more complicated situation 
during the water vapour transfer process. In addition to the fabric thickness and fabric structure, 
ܹܸܲ is also affected by fibre type, since fibres with different types have different moisture 
absorption. The fibres absorb the moisture in many ways. At lower environmental relative 
humidity, little moisture is absorbed by the fibre and the moisture can diffuse through the 
spaces between the yarns and fibres in the fabric. In this case, the fabric porosity and thickness 
play an important role in the moisture transfer process. When at higher environmental relative 
humidity, the fibre can absorb moisture by the capillarity. On the other hand, when the fibres 
swell and absorb too much moisture, it leads to increased moisture absorbability of the fibre 
surface. In this case, the fibre type (its hygroscopicity) becomes the main factor that influences 
the moisture transfer process [287pp. 44-47, 324].  
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From Figure 6- 11, it was found that wool fabrics had a greater ܹܸܲ than cotton fabrics, except 
the NPs coated with ZnO% of 0.5% and 3%. One reason was that wool knitted fabrics had a 
looser structure than cotton woven fabrics (Figure 6- 3). The wool fibres have better 
hygroscopicity than cotton fibres, when they are under the same conditions (atmospheric 
pressure, relative humidity and temperature) [287pp. 44-47, 325]. The moisture content in the 
wool fibres was higher than that in the cotton fibres, which resulted in the ܪ௨ଵ of wool fibres 
being increased (in Equation 6-3), so that the value of ο݌  for wool fibres was increased. 
Therefore, based on the theoretical equation (Equation 6-3), the ܹܸܲ of wool fabrics was 
lower than that of cotton fabrics.  
From another view of coating conditions, all coated fabrics with ZnO MPs had the same trend 
as with uncoated fabrics (ܹܸܲ: wool > cotton). However, for coated fabrics with ZnO NPs, 
when the ZnO% were 0.5% and 3%, the ZnO NPs coating treatments caused the cotton fabrics 
to have higher ܹܸܲ than wool fabrics. From this finding, it can be inferred that the nano size 
particles coating on the fabric surface has an effect on the moisture absorption of fibres. This 
may be due to the difference in the distribution between nano and micro size particles. Nano 
size particles distribute more intensively and they are more closely integrated with fibres than 
micro size ones, so that these nano particles might interfere with the moisture absorption of 
fibres. 
In summary, wool fabrics had lower UV protection, larger air permeability and water vapour 
permeability than cotton fabrics, due to the fabric structure (larger and more open wool knitted 
fabrics than cotton woven fabrics in this study). Also, different fibre types affected the UV 
protective properties and moisture transfer property of fabrics: different fibre types caused 
different UV absorption and reflectance during UV light penetrating through the fabrics, and 
caused different moisture absorption in the moisture transfer process. 
(4) Effect of fabric direction 
The comparison between weft and warp directions showed that three properties (mean bending 
length, flexural rigidity and bending modulus) in the weft direction were larger than that in 
warp direction. It means that for both uncoated and ZnO coated fabrics, the fabric in weft 
direction can feel stiffer to wearers.  
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The fabric direction (weft or warp) had a significant effect on both load and elongation at break 
of fabrics (P<0.05). Both the load and elongation at break of the fabric in the weft direction 
was larger than that of the fabric in the warp direction. 
(5) Effect of particle size 
For UV properties, the SPSS results demonstrated that the particle size had no significant effect 
on the UPF values for all ZnO coated fabrics, including cotton and wool fabrics (P>0.05). It 
means there was no significant difference in UV protection of coated fabrics, no matter which 
size the fabrics were coated with, NPs or MPs of ZnO. Rayleigh’s scattering theory reported 
that the scattering was inversely proportional to the wavelength to the fourth power. This theory 
predicts that the optimum particle size will be between 20 nm and 40 nm and for scattering UV 
radiation between 200 nm and 400 nm [156, 157]. In this work, the defined ‘micro size’ ZnO 
particles used in this work 30 nm to 50 nm. From SEM images of ‘micro size’ ZnO, there were 
amounts of particles of several dozen nano meters on the fibres, although many aggregated 
particles exist. Therefore, a number of ‘micro size’ ZnO particles were in the optimum particle 
size (Rayleigh’s scattering theory).  
However, from the statistical results, this work found that there was no significant different in 
UPF values between NPs and MPs of ZnO coated fabrics. The nano size particles used in this 
work were less than 10 nm. This suggests that the particles, which are a much smaller size 
(nano size) than the ‘micro size’ ZnO, cannot achieve higher UV protection. Consequently, 
only from the aspect of an application to improve the UV protection of textiles, the nano size 
(less than 10 nm) had no advantages when compared with ‘micro size’. The other properties, 
such as thermal comfort, mechanical and durability, need to be further discussed for the 
comparison between NPs and MPs of ZnO coated fabrics, in order to investigate whether ZnO 
NPs are superior in other aspects. 
From the aspect of air permeability, for wool coated fabrics, the particle size had a significant 
effect on the air permeability of fabrics (P<0.05), whereas for cotton coated fabrics, the particle 
size did not have an effect (P>0.05). For all wool fabrics, the results showed that the ZnO MPs 
coated fabrics had significantly larger air permeability than ZnO NPs coated fabrics (P<0.05). 
It deduced that the ZnO MPs coated fabrics had a better permeability than ZnO NPs coated 
fabrics. For wool fabrics, the differences of air permeability between coated fabrics and 
uncoated fabrics (οܽ݅ݎ݌݁ݎܾ݈݉݁ܽ݅ݐݕ) were calculated for the discussion. ZnO MPs coated 
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fabrics had smaller οܽ݅ݎ݌݁ݎܾ݈݉݁ܽ݅ݐݕ than ZnO NPs coated fabrics. The air permeability 
decreased due to coating treatments, however more importantly, the ZnO MPs had a smaller 
effect than ZnO NPs on the decrease in air permeability. Therefore, the nano size ZnO particles 
resulted in fabrics with lower air permeability, compared with micro size ZnO particles. 
From the aspect of moisture transfer property, the effect of size of particles on the moisture 
transfer characteristics was discussed by comparing the ܹܸܶ and ܹܸܲ between NPs and MPs 
of ZnO coated fabrics. SPSS analysis showed that for wool fabrics, the size of particles had a 
significant effect on both ܹܸܶand ܹܸܲ of wool fabrics (P<0.05). From Figure 6- 10, it was 
found that ZnO MPs coated wool fabrics had greater ܹܸܶ than NPs coated wool fabrics, under 
all situations (uncoated, coated with 0.5%, 1% and 3%). Except for those coated with ZnO% 
of 1%, ZnO MPs coated wool fabrics had greater ܹܸܲ than NPs coated wool fabrics (Figure 
6- 11). In contrast, for cotton woven fabrics, there was no significant difference neither in 
ܹܸܶnor in ܹܸܲ between the fabrics coated with NPs and MPs of ZnO (P>0.05). 
Why did particle size have an effect on the ܹܸܲ of wool fabrics, but not on cotton fabrics? As 
shown in Figure 6- 3, for both wool and cotton fabrics, the gaps between the yarns (several 
hundred micrometres) were much larger than the ZnO particle size. Also, wool knitted fabrics 
had more openness, and there was greater distance (several hundred micrometres) between two 
yarns than in the cotton woven fabrics (one hundred micrometres). In contrast, for the cotton 
woven fabric structure, there was much less openness than the wool fabric, and the gaps 
between the yarns were relatively smaller. These gaps provided the channels for the airflow 
through the fabrics. Accordingly, the difference of fabric structure led to looser fabric structure 
(wool knitted fabrics) being influenced more by the particle size on the penetration of air and 
water vapour than the cotton woven fabrics. Moreover, from Figure 6- 3, it was found that the 
cotton fibres were packed much tighter than wool fibres. The particles were located on the 
cotton fabric surface rather than on the wall of the channels (which were formed by the spaces 
between the cotton fibres). This may result in the particle size having limited effect on the air 
permeability and ܹܸܲ of cotton fabrics.   
From Table 6- 1, the ZnO NPs coated fabrics had a similar fabric areal density (mass per unit 
area) and thickness to the ZnO MPs coated fabrics. Even so, the air permeability and ܹܸܲ of 
ZnO MPs coated wool fabrics were greater than ZnO NPs coated wool fabrics. This indicated 
that the differences in the penetration of air and water vapour between MPs and NPs of ZnO 
coated fabrics was not caused by the fabric areal density and thickness, but by the situations of 
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the particles with different size located on the fabrics. The situations included the particle 
distribution, aggregation, and the resistance to airflow and moisture transfer. The micro size 
particles and their aggregated particles attached on the fabric surface were less able to prevent 
airflow than nano size particles. This illustrated that for the fabric structure with more openness 
(knitted fabrics in this work), the ZnO MPs played a smaller role in the decrease of air 
permeability than ZnO NPs. For fabric with a tighter structure (eg. woven fabric), there was no 
significant difference in air permeability between NPs and MPs of ZnO coated fabrics. 
In the aspect of fabric stiffness, SPSS results showed the particle size had a significant effect 
on mean bending length, flexural rigidity and bending modulus of fabrics in both weft and warp 
directions (P<0.05). The micro size of the ZnO particles for the coating treatment made the 
fabrics have a larger bending modulus. After coating treatment, the coated fabrics were stiffer 
than uncoated fabrics. The deposition of particles on the fabric surfaces and the formation of 
low flexible surfaces resulted in the coated fabrics being stiffer [19]. These solid particles, 
especially with a larger size, on the surface of the fibres would improve the resistance of the 
cloth to bending. Hence, the ZnO MPs coated fabrics were stiffer than ZnO NPs coated fabrics.  
For mechanical properties, in the weft direction, the size of the particles had a significant effect 
on both load and elongation at break (P<0.05). The ZnO MPs coated fabrics had a larger load 
at break (except at the ZnO% of 1%) than ZnO NPs coated fabrics, and had a smaller elongation 
at break than ZnO NPs coated fabrics. However, in the warp direction, there was no significant 
difference in either the load or elongation at break of fabrics between the fabrics coated with 
NPs and MPs of ZnO. 
From this discussion, both MPs and NPs of ZnO coating treatments have advantages and 
disadvantages. There was no significant difference in UV protection of coated fabrics between 
the coating treatment with NPs and MPs of ZnO. For wool fabrics, ZnO MPs coated fabrics 
had a higher air permeability and water vapour permeability than ZnO NPs coated fabrics. 
However, ZnO MPs coated cotton fabrics were stiffer and had smaller elongation at break.  
(6) Summary  
The fabrics were coated with nano and micro size ZnO particles on the surface to achieve a 
high UV protection. Three concentrations of ZnO on the weight of fabric (o.w.f) were discussed. 
After coating treatment, the UV protection of fabric was improved for both wool and cotton 
fabrics; bending modulus was decreased in both weft and warp directions (except ZnO MPs 
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coated weft direction); the load at break was increased in the warp direction, and the elongation 
at break was raised in weft direction for cotton fabrics. However, there were some 
disadvantages: the air permeability was reduced, and the water vapour permeability of fabrics 
was decreased (except 0.5% ZnO NPs coated cotton fabrics) for both wool and cotton fabrics. 
This means the permeability of ZnO coated fabrics for the air and water vapour was lower than 
uncoated fabrics.  
With the increase of ZnO%, the UPF values increased for both wool and cotton fabrics, and 
the load at break increased in the warp direction of cotton fabrics. However, the water vapour 
permeability decreased for ZnO MPs coated cotton fabrics, and bending modulus increased in 
the weft direction of cotton fabrics.   
The size of ZnO particles had no effect on the UV protection for both cotton and wool fabrics. 
The micro particle coated fabrics had higher air permeability, greater water vapour 
transmission, and greater water vapour permeability (except the coating condition: ZnO% of 
1%) for wool fabrics. However, the micro particles provided the coated fabrics with greater 
bending modulus both in weft and warp directions, and larger load (except the coating 
condition:  ZnO% of 1%) and smaller elongation at break in the weft directions of cotton fabrics. 
6.1.3 Comparison between optimised fabric and coated fabric 
 
Figure 6- 17: Comparison of UPF values between optimised fabrics and coated fabrics (op: optimised 
fabric; co: fabrics coated with 1% of ZnO, 13.7 ȝm, 14.9 ȝm, 23.7 ȝm: the fabric with the mean fibre 
diameter of 13.7 ȝm, 14.9 ȝm, 23.7 ȝm; 18 tex: the fabric with the yarn linear density of 18 tex; 662 T/m: 
the fabric with the yarn twist of 662 T/m; and 1.28: the fabric with the cover factor of 1.28 tex1/2mm-1). 
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Figure 6- 18: Comparison of UVA and UVB transmittance between optimised fabrics and coated fabrics 
(op: optimised fabric; co: fabrics coated with 1% of ZnO, 13.7 ȝm, 14.9 ȝm, 23.7 ȝm: the fabric with the 
mean fibre diameter of 13.7 ȝm, 14.9 ȝm, 23.7 ȝm; 18 tex: the fabric with the yarn linear density of 18 
tex; 662 T/m: the fabric with the yarn twist of 662 T/m; and 1.28: the fabric with the cover factor of 1.28 
tex1/2mm-1). 
From the studies in Section 6.1.2, it was found that the coating treatments had negative effects 
on the thermal comfort and mechanical properties of fabrics. Moreover, previous works have 
reported that the UV protection of coated fabrics would be decreased dramatically after 
washing [139, 148, 173] . It is necessary to investigate another approach to enhance the UV 
protection of fabrics to replace the coating treatments accordingly. If the fabrics can be made 
to have a sufficient UV protection for the wearer by organizing the fibre/yarn/fabric parameters 
alone, the coating treatments could be unnecessary. In this case, fibre/yarn/fabric parameters 
were the optimised parameters for the fabric design with a relatively high UV protection. 
From theoretical and experimental studies at the fibre, yarn and fabric levels from Chapters 3, 
4 and 5, fabrics with the optimised parameters were determined. The initial optimised fabric is 
the fabric with parameters: mean fibre diameter 13.7 ȝm, yarn count 40 tex, yarn twist 586 T/m 
and cover factor setting 1.54 tex1/2mm-1. In order to approach the requirements of 
summer/spring knitted fabric design, the lower yarn linear density (25 tex) was more suitable 
than 40 tex. For good air permeability, the cover factor was decreased to 1.28 tex1/2mm-1. After 
the adjustment, the final optimised fabrics were mean fibre diameter 13.7 ȝm, yarn count 25 
tex, yarn twist 586 T/m, cover factor setting 1.28 tex1/2mm-1and mean fibre diameter 14.9 ȝm, 
yarn count 25 tex, yarn twist 586 T/m, cover factor setting 1.28 tex1/2mm-1. These optimised 
[CHAPTER SIX] 
203 
parameters were obtained through the method to maximize fabric protection by organizing the 
fibre, yarn and fabric parameters, rather than using chemical treatments. The effectiveness of 
this physical method has been proved by statistical models. Both predictive and experimental 
results showed that the optimised fabrics have a good UV protection (UPF value was more 
than 15). 
The four fabrics (details in Table 6- 2), with the lowest UPF values in the diameter, yarn linear 
density, yarn twist and cover factor setting groups, were coated using nano size of ZnO with 
ZnO% of 1% for the comparison with optimised fabrics. They were chosen because they have 
the lowest UV protection in each group (the fabric details have been shown in Section 5.2.1 of 
Chapter 5). Figure 6- 17 and Figure 6- 18 show the optimised fabrics have the highest UPF 
values and the lowest UVA and UVB transmittance. It illustrates that the optimised fabrics had 
higher UV protection than all other coated fabrics. From the study in this section, interestingly, 
it has been confirmed that the optimised fabrics had the highest UV protection of all coated 
fabrics. This means that this physical method, which is to organize the fibre/yarn/fabric 
parameters, can improve the UV protection of fabrics more effectively than the chemical 
method (e.g. coating treatment). For example, fabric with the parameters (mean fibre diameter 
of 23.7 ȝm, yarn count of 25 tex, yarn twist of 586 T/m, and cover factor of 1.28 tex1/2mm-1) 
had a UPF value of 5.55. This UPF value can be improved to 6.90 by coating treatment, and 
can be improved to 15.42 by organizing the parameters (if the fibre diameter is decreased to 
13.7 ȝm).  
Therefore, the physical method (organizing the fibre/yarn/fabric parameters), has more 
advantages than the chemical method. First, this physical method can achieve high UV 
protection, save the usage of chemicals and reduce damages from chemical use. Second, this 
physical method is more effective than the chemical method (coating treatment), since it 
provides a larger improvement of UV protection of fabrics than the latter one. In addition, this 
physical method does not decrease thermal comfort or affect mechanical properties. Generally, 
UV protection of fabrics will be increased after cycle washing [130, 225], unlike the coating 
treatment method (the UV protection of coated fabrics will be reduced with washing). More 
importantly, the UV protection of the fabrics with optimised parameters will be further 
improved after coating treatments.  
In summary, from Section 6.1.2 it found that, after coating treatments, some thermal comfort 
properties (e.g. air permeability and water vapour permeability) of fabric were decreased. Since 
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coated fabrics have low washing durability, it is necessary to investigate another approach to 
enhance the UV protection of fabrics to replace coating treatments accordingly. From previous 
chapters in this study, the fabrics with the optimised parameters were obtained by organizing 
the fibre, yarn and fabric parameters to have high UV protection, rather than using coating 
treatments.  
The optimised fabrics (mean fibre diameter 13.7 ȝm, yarn count 25 tex, yarn twist 586 T/m, 
cover factor setting 1.28 tex1/2mm-1 and mean fibre diameter 14.9 ȝm, yarn count 25 tex, yarn 
twist 586 T/m, cover factor setting 1.28 tex1/2mm-1) had observably higher UPF values than 
coated fabrics (mean fibre diameter 23.7 ȝm, yarn count 25 tex, yarn twist 586 T/m, and cover 
factor setting 1.28 tex1/2mm-1). It can achieve the high UV protection by physical method 
(organizing the fibre/yarn/fabric parameters). This physical method had more advantages than 
chemical methods, considering the impacts on thermal comfort and mechanical properties and 
the effect of washing on UV protection.  
6.2 Summary for the treatment study 
There was no significant difference in UPF values of fabrics between nano and micro size ZnO 
particles for the coating treatment. The air and water vapour permeability of fabrics was 
decreased after coating treatments. 
Four fabrics with the lowest UPF values in the diameter, yarn linear density, yarn twist and 
cover factor setting groups, were coated using nano size ZnO particles with a concentration of 
1% (o.w.f). The optimised fabrics (mean fibre diameter 13.7 ȝm, yarn count 25 tex, yarn twist 
586 T/m, cover factor setting 1.28 tex1/2mm-1 and mean fibre diameter 14.9 ȝm, yarn count 25 
tex, yarn twist 586 T/m, cover factor setting 1.28 tex1/2mm-1) had observably higher UPF values 
than those four coated fabrics. Hence, it was concluded that the fabric could be made to have a 
high UV protection only by adjusting the parameters and organizing the structure, rather than 
coating treatments.    
For further work, it would be beneficial if commercial UV absorbing agents (e.g. organic agents) 
and dyes could be involved in comparison with the optimised fabrics. The UV protection of 
optimised fabrics (obtained by the physical method) can be further enhanced by the addition 
of UV agents and dyes.    
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7 Conclusions and future work 
In this thesis, the effects of fibre, yarn and fabric parameters on the UV protective properties 
were studied, and the results were interpreted by various developed models. These models were 
used to simulate the interaction between ultraviolet and visible light with fibre, yarn and fabric. 
An optimised knitted fabric for a lightweight spring/summer application with high UV 
protection and good thermal comfort was proposed from this systematic investigation. 
In the fibre part of this work, fibre type and fibre diameter were considered. The experimental 
results of varying fibre parameters were used to examine the effects on the UV absorption of 
fibres and confirmed the predicted results from the calculations of the models. The predicted 
results from the models were consistent with the actual results obtained in the experiments. The 
model predicted that the materials with a smaller fibre diameter, lower transmittance index, 
lower porosity, and larger refractive index provided higher UV protection. With the same 
material, when the fibre cross-sectional area and the areal coverage of the single fibre were 
constant, triangular shaped fibres provided the lowest UV transmittance and highest reflectance 
for a single fibre and also for a fibre bundle (when compared to round and rectangular fibres).  
In the yarn part of this work, three independent parameters, mean fibre diameter, yarn linear 
density and yarn twist, were controlled in both model calculation and experimental 
measurements to determine their effects on the UV protective properties of yarns. An optical 
model was built to analyse the process of light penetrating through a single yarn (a bundle of 
fibres with a certain mass) and a row of yarns (considering the light interaction between two 
adjacent yarns). The optimised parameter group for a lightweight spring/summer knitted 
fabrics with a higher UV protection was obtained as: mean fibre diameter <18 ȝm, yarn count 
25 tex, yarn twist 400 T/m or mean fibre diameter <20 ȝm, yarn count 40 tex, yarn twist 400 
T/m.  
Based on the predictive results from the shape model and yarn model, differences in the UV 
protection caused by fibre cross-sectional shapes were expanded from the situation of a single 
fibre to the situation of a single yarn (a bundle of fibres with a certain number of fibre layers). 
However, the differences in the UV protection of yarns caused by fibre cross-sectional shapes 
were condensed from the situation of a single yarn to the situation of the yarns in a row. 
Therefore, the fibre cross-sectional shapes would make little difference in the UV protection at 
a fabric level. 
[CHAPTER SEVEN] 
206 
In the fabric part of this work, fabric mass, cover factor, yarn linear density, thickness and 
structure were involved in the experimental design by controlling several parameters constant 
and varying others, in order to investigate the effect of fabric structure on the UV protective 
properties of fabrics. More fabric parameters were involved in the statistical analysis, including 
mean fibre diameter, yarn linear density, yarn twist, fabric cover factor, structure, thickness, 
mass per volume (bulk density), mass per area (areal density), area modulus of stitch, porosity, 
space between loops and stitch density (courses and wales per unit length). An optical model 
for a single jersey knitted fabric was set up to understand how the UV and visible light 
penetrates through the loops considering the fibre/yarn/fabric parameters. Through 
comprehensive analysis of the predictive results, utilising both statistical and optical models, 
optimised parameter groups were obtained for a lightweight spring/summer knitted fabric 
design. The optimised parameters were adjusted as: mean fibre diameter 13.7 ȝm, yarn count 
25 tex, yarn twist 586 T/m, and cover factor setting 1.28 tex1/2mm-1 for the knitted fabric to 
give it high UV protection and good thermal comfort. 
A chemical treatment (ZnO coating treatment) study was used to further confirm the previous 
fibre, yarn and fabric works. The nano size of ZnO particles (eg. less than 10 nm in this work) 
was unnecessary for the coating treatment on fabrics, and a particle size of around 50 nm was 
deemed more suitable. This was because the nano size (less than 10 nm) cannot provide higher 
UV protection of fabrics, and it also reduced the thermal comfort and mechanical properties 
more than larger size particles (around 50 nm).  
After coating treatments, the fabrics had lower air and water vapour permeability, when 
compared with untreated fabrics. The optimised fabrics had observably higher UPF values than 
coated fabrics. Therefore, the UV protection of fabrics can be improved by the physical method 
(adjusting the fibre/yarn/fabric parameters) in order to reduce the chemical usage.  
Future work is suggested to improve the modelling work. The accuracy and the calculation 
method of the transmittance index (self-defined index) need to be further developed by more 
experiments on more samples, or by other technologies, for example, in the research area of 
the absorption coefficient measurements. The assumptions of the models will need to be close 
to the real situation, such as making the fibre packing arrangement by introducing the gaps 
between fibres within a layer; and arranging the fibre with more complexity. For the 
experimental work, it would be of more benefit if commercial UV absorption agents (e.g. 
organic agents) and dyes could be involved in comparison with the physical structure optimised 
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fabrics. The UV protection of optimised fabrics (obtained by physical method) can be further 
enhanced by the addition of UV agents and dyes.    
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Nomenclature 
Chapter 3 
Single fibre model 
ܨሺܴሻ: is presented by the Kubelka-Munk equation, and is proportional to the sample absorption. 
ܴஶ: is the diffuse reflectance for an infinitely thick sample. 
ܣ: is absorption for a single fibre
ܶ: is transmittance for a single fibre
ܴ: is reflectance for a single fibre
ܫ଴: is incident light energy 
ܫோ: reflected light energy 
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ߠଵǡ ߮ଵ: is incidence and refractive angles 
݊ଵǡ ݊ଵ: is refractive indexes of air and fibre, respectively 
ܫ௓: is the rest light energy after reflected back to the air 
ܫ௓ᇱ: is the light travels into the fibre and part of the light follows the path AB, and the energy of light is 
transformed from ܫ௭ to ܫ௭ᇱ 
ܫோଶǡ ܫோଷǡڮ ܫோ௝: is the energy for the light that may be reflected several times (݆ times) inside the fibre 
݆: is the light may be reflected several times (݆ times) inside the fibre 
ଵܶ: is the light transmittance through this fibre, where refraction reoccurs 
ߩ: is the reflectance 
ߩצǡ ߩୄ: are the component of reflectance parallel and perpendicular to the plane of incidence 
ߠ: is the incidence angle 
߮: is the refraction angle 
݉: is the ratio of the two media refractive indexes 
ݎ: is the fibre radius (mm) 
ܴ: is the reflectance from the interface between the fibre and the surrounding air 
݀: is the fibre diameter 
ݔ: is the distance between the vertical axis through the fibre centre (x axis) and the point where light rays first 
meet the upper surface of the fibre (point A) 
ܫ்: is the transmitted light intensity 
ܫ଴: is incident light intensity (assuming I_0=1) 
݈: is the thickness of material through which the ray travels 
ߙ: is the absorption coefficient 
ܽ: is defined as the transmittance at unit thickness (mm), which is named the transmittance index. This 
parameter depends on the materials and the chemical components, and it can reveal the extent of light 
transmittance. aא(0, 1). It is a wavelength-dependent parameter, and can be calculated with thickness l=1 mm, 
thus ܽ ൌ ሺെߙሻ. 
݁: is the transmittance of a ray for a single pass through the fibre 
݀ݔ: ݀ݔ ൌ ݎ ή  ߠ ή ݀ߠ 
ȁܣܤȁ: is the distance between the point where light ray first meets the upper surface of the fibre point (point A) 
and the point of the light exiting out of the fibre (point B). 
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ܫ: is the total light intensity leaving the fibre in all directions, after the initial reflection from the surface and ݆ 
repeated transmissions, refractions, and internal reflections of an initial ray with intensity ܫ଴. 
ܴ௧௢௧௔௟: is the total reflectance, which represents the overall fractional reflectance from the fibre surface, 
including the reflected lights in all directions. 
௧ܶ௢௧௔௟: is the total transmittance, which represents the overall fractional transmittance for a single fibre, and it 
includes the total emergent lights leaving the fibre after internal transmissions, refractions and reflections. 
ܣ௧௢௧௔௟: is the total absorption 
Shape model 
ܱ: is the origin O is located in the middle point of the maximum distances both in x axis and y axis directions 
ܨሺݔሻ: is the expression for the shape above x axis is ܨሺݔሻ 
Ȱሺݔሻ: is the expression for the shape below x axis is Ȱሺݔሻ. Together, ܨሺݔሻ and Ȱሺݔሻ represent the whole fibre 
cross-sectional shape. 
ݎ: is the positive x-intercept of the fibre cross-sectional shape.ݎ is fibre radius for circular shape 
௝ܴ: is the reflectance at the ݆௧௛ times 
݆: ݆ times internal reflections and transmittances 
ߠ௝ǡ ߮௝: are the incidence and refraction angles at the ݆௧௛ times 
௝݁: the internal transmittance at the݆௧௛ times 
ȁܯܰȁ: is the distance between any two point on the curve of the fibre cross-section 
ܣሺݔଵǡ ݕଵሻ: is the intersection point between incidence light and ܨሺݔሻ is ܣሺݔଵǡ ݕଵሻ, and the point of incident light 
meeting the fibre is A. 
ܨᇱሺݔଵሻ: means the derivative of curve ܨሺݔሻ at the point ܣሺݔଵǡ ݕଵሻ, when ݔ ൌ ݔଵ. 
ߚ:ߚ ൌ గଶ ൅ ሺߠ െ ߮ሻ 
݁ଵ: the first internal transmittance 
ߠᇱ and ߮ᇱ: are the angles for the refractive process that the light exits out of the fibre to air 
݇: is the slope of line AB 
݇௧௔௡: the slope of the tangential line that touches the curve of Ȱሺݔሻ at the point of B is ݇௧௔௡ ൌ Ȱᇱሺݔଶሻ 
݇௣௘௥: the slope of the perpendicular line of it 
ߠ௝ and ߮௝: are the angles for the refractive process that after  ݆௧௛ times of internal reflection and transmittance 
ܨሺݔ௝ሻ and Ȱ൫ݔ௝൯: are the expressions for the shape above and below x axis after  ݆௧௛ times of internal reflection 
and transmittance 
ܨԢሺݔ௝ሻ: means the derivative of curve ܨሺݔ௝ሻ 
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ȰԢ൫ݔ௝൯: means the derivative of curve Ȱ൫ݔ௝൯ 
Fixed fibre mass model 
݊: A light ray can be reflected ݊ times in one layer. 
ܴଵ՜଴: the reflectance for 1ĺ0 (from the first fibre layer to the surrounding air) 
ܴଶ՜଴: the reflectance for 2ĺ0 (from the second fibre layer to the air) 
ܴ௖՜଴: the reflectance for cĺ0 (from the ܿ௧௛ layer to the air) 
ܴ௔௟௟: reflectance for all fibre layers (summation from 1ĺ0 to cĺ0) 
ݐ= ௧ܶ௢௧௔௟ǣݐ is transmittance of each time (here ݐ ൌ ௧ܶ௢௧௔௟ from single fibre model). 
௔ܶ௟௟: transmittance for all fibre layers 
ܣ௔௟௟: the final absorption for these ܿ layers fibers 
ߝΨ: the porosity 
ୟ୧୰and ୡ୭୬୲ୟ୧୬ୣ୰ are the volumes of air and container (cm3) 
ܯ௔௟௟: is the mass of a bundle of fibres (g) 
ܴ௖ and ܪ௖ are the radius and height of the container (cm) 
ߜ௙௜௕௥௘ǡ ߜ௔௜௥ are the specific gravities of air and fibre (g/cm3) 
ܿ: fibre layers in a certain mass of fibres array 
݅: is the count of the layers 
݄: Two adjacent fibres are tangential in each layer and the distance between two adjacent layers of fibres is ݄ 
݀:is fibre diameter for the circular shape, and for other shapes, ݀ ൌ ʹݎ 
ݎ: is the positive x-intercept of the fibre cross-sectional shape. 
ܽ௫ǡ ܾ௬: are the positive x-intercept and y-intercept in the ellipse, respectively. Here ܽ is the value of the 
coordinate in ݔ axis, not the transmittance index. 
כ: is a half of mean fibre diameter, which was an average of measured data obtained by OFDA. 
ݎᇱ: ܽǯ,ܾǯ and ݎǯ: are the actual dimensions by SEM method. Cotton, bamboo viscose and eri silk fibres are not with 
circular shapes, ܽǯǡ ܾǯ  and ݎǯ  were involved in the calculations of models rather than using the OFDA data 
(Radius*). 
ݎכ: is a half x-length of the fibre cross-sectional shape 
ܾכ: is the y-length of the fibre cross-sectional shape 
ܣݎ݁ܽ: is cross-sectional area 
Chapter 4 
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Measurement 
ܧఒ: relative erythemal spectral effectiveness   
ఒܵ: solar spectral irradiance in Wǜm-2ǜnm-1 
ఒܶ: spectral transmittance of item 
οߣ: wavelength step in nm 
Optical model 
ܰ: the number of parallel yarns in the frame 
ܦ௬௔௥௡: yarn diameter (mm) 
௧ܶ: yarn linear density (tex) 
ߪ: the mass per volume of the yarn (g/cm3), 0.75 g/cm3 for worsted yarns 
ܿ: c fibre layers in the fibre array in the cross-section of a single yarn. 
݄: the distance between two adjacent layers of fibres 
݊: a light ray is assumed to be transmitted and reflected n times in one layer. 
ߛ: yarn twist angle 
ܴ௖՜଴: the reflectance from any layer (c layer) to the air 
ܴ௔௟௟: the summation of the reflectance from all layers to air 
௔ܶ௟௟: the summation of the transmittance from all layers to air 
ܣ௔௟௟: the summation of the absorption from all layers to air 
ܴ: reflectance at each time, which is equal to total reflectance of a single fibre and is acquired from single fibre 
model’s calculation 
ݐ: transmittance at each time, which is equal to total transmittance of a single fibre and is acquired from single 
fibre model’s calculation 
ܴ: the reflectance from the interface between the fibre and the surrounding air 
ݎ: fibre radius.  
ߩ: the reflectance, 
ߩצ and ߩୄ: the component of reflectance parallel and perpendicular to the plane of incidence,  ܫ଴: the incident 
light intensity 
ܫோ: the reflection light intensity at the point on the upper surface of the fibre. 
ߠ: the incidence angle,  
߮: the refraction angle, 
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݉: the ratio of the two media refractive indexes, ݉ ൌ ௡మ௡భ,  
݊ଵ, ݊ଶ: refractive indexes of the air and fibre, respectively. 
ܫ்: the transmitted light intensity, 
ܫ଴: incident light intensity (it assumed ܫ଴ ൌ ͳ),  
݈: the thickness of material through which the ray travels, and  
ߙ: is the absorption coefficient, which can be obtained from the test results (in the experimental section).  
ܽ: the transmittance index. ܽ ൌ ሺെߙሻ. 
݁ is the transmittance of a ray for a single pass through the fibre. 
݀ is the fibre diameter (ȝm=10-3 mm). 
݆ means ݆ times of internal reflectance inside fibre 
ݏ: the distance between two centres of circles (two adjacent yarns) 
סȽ, סͳ, סʹ,ס͵: angles in Figure 4- 6. 
݀ଵ,  ݀ଶǣdistances in Figure 4- 6. ݀ଵ ൌ ݎ ή  ߠ and ݀ଶ ൌ ʹݎ ή  ߙ 
ܴǯǡ ܶǯ: the reflectance and transmittance of one yarn after adding the interactive energy to the incident light energy. 
ܫ௘ is the interactive energy from the adjacent yarn, 
ܴǡ ܶ are the reflectance and transmittance of a single yarn,  
ݐଵǡ ݐଶ are the transmittance after the first and second internal transmissions through the yarn. 
ሺͳͲͲ െ ߝሻΨ: Fibre volume percentage  in a single yarn 
ߝΨ: the air volume percentage (porosity) . 
݉௙௜௕௥௘ is the total mass of fibres in volume ௙ܸ௜௕௥௘ ( ௙ܸ௜௕௥௘ ൌ ݉௙௜௕௥௘Ȁߜ௙௜௕௥௘),  
݉௬௔௥௡ is the total mass of yarn in volume ௬ܸ௔௥௡ ( ௬ܸ௔௥௡ ൌ ݉௬௔௥௡Ȁߪ௬௔௥௡), and ݉௙௜௕௥௘ ൌ ݉௬௔௥௡ for a yarn of fixed 
fibre length .  
ߪ௬௔௥௡ is mass per volume (0.75 g/cm3 for worsted yarn,  
ߜ௙௜௕௥௘ is the specific gravities of fibre (1.31 g/cm3 for wool fibres). 
ܣ௬௔௥௡: the cross-sectional area of yarn, ܣ௬௔௥௡ ൌ గସ ܦ௬௔௥௡ଶ,  
ܣ௙௜௕௥௘: the cross-sectional area of single fibre, ܣ௙௜௕௥௘ ൌ గସ ݀௙௜௕௥௘
ଶ,  
ܦ௬௔௥௡ and ݀௙௜௕௥௘ are the diameters of a single yarn and fibre. 
݊ଵଶ is the refractive index of the mixture, 
݉ is the ratio of the two media refractive indexes, ݉ ൌ ௡మ௡భ,   
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݊ଵ, ݊ଶ are refractive indexes of the air and wool fibre, respectively. 
߶ଶ ൌ ଶܹ ߜଵଶ ߜଶΤ , ଶܹ ൌ ܯଶ ሺܯଵ ൅ܯଶሻΤ , 
ߜଵଶ is the specific gravity of the mixture, ߜଵଶ ൌ ሺܯଵ ൅ܯଶሻ ሺ ଵܸ ൅ ଶܸሻΤ ,  
ܯଵǡܯଶare the masses of the air and wool fibre ,  
ߜଵǡ ߜଶ are the specific gravities of air and wool fibre, 
ଵܸǡ ଶܸare the volumes of air and wool fibre. 
ܦ௬௔௥௡ is yarn diameter, 
݀௦௣௔௖௘is the space between two adjacent yarns,  
௬ܰ௔௥௡and ௦ܰ௣௔௖௘ are the numbers of yarns and space,  
ܶΨ௬௔௥௡ is the transmittance of one single yarn (ൌ ௔ܶ௟௟)  
ܮ is the width of the open area of the measurement frame (20 mm). 
ܴΨ௬௔௥௡ is the reflectance of one single yarn (ൌ ܴ௔௟௟) 
ݎכis a half x-length, 
ܾכis the y-length of the of the fibre cross-sectional shape,  
 is cross-sectional area,  
ܽ is the transmittance index,  
݉ equals to the refractive index of fibre (because ݊௔௜௥ ൌ ͳ).  
SPSS statistical analysis 
ܲ: is the value to determine whether the null hypothesis is found. 
ݐ: the statistics from t-test 
ܴ: the correlation coefficient of regression model 
݊: minimum sample size 
ߙ: type I statistical error ߙ ൌ ͲǤͲͷ 
ߚ: type II statistical error ߚ ൌ ͲǤʹͲ 
ܼ଴Ǥ଴ହ ൌ ͳǤ͸ͷ is the percentiles of 0.05 in the standard normal distribution 
ܼ଴Ǥଶ଴ ൌ ͲǤͺʹ  is the percentiles of 0.01 in the standard normal distribution 
ߜ: is the residual standard deviation (0.218) of the model 
ܽ: is the precision of testing equipment (0.01) 
ο is the allowable error (0.04) 
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Chapter 5 
Fabric parameters 
௧ܶ: yarn linear density (tex) 
ܩ௞: the mass of the yarn (g) 
ܻܮ: the length of the yarn (m) 
ܰ: the number of the filaments (or yarn, fishing lines) in the measurement frame 
ܦ௬௔௥௡: yarn diameter (mm) 
ߪ: is the bulk density of the yarn (1.38 g/cm3 for polyester, 0.75 g/cm3 for worsted yarns) 
ܥܨ: the cover factor setting for the knitted fabrics  
ܭ: area modulus of stitch 
ߩ௞: is the bulk density the knits (g/cm3) 
ߪ௬: is the bulk density of the yarn (g/cm3) 
Optical model 
ܴ௟௢௢௣: the surface reflectance of the loop  
ߩ: reflectance 
ߩצandߩୄare the components of reflectance parallel and perpendicular to the plane of incidence, ߠ is the 
incidence angle 
ߠ: the incidence angle
߮: the refraction angle
݉: the ratio of the two media refractive indexes, ݉ ൌ ௡మ௡భ
ܽ௫: is a half of width of the loop (long axis of the ellipse) 
ܨܹ: a the unit width of the fabric (1 cm) 
: the space between loops (cm) 
ܮܹ: a the width of a single loop (mm) 
݊௟௢௢௣: the number of the loops in the unit fabric width 
Ψ୤୰୭୬୲: the transmittance of two front loops in the unit calculation 
Ψୠୟୡ୩: the transmittance of two back loops in the unit calculation 
௬ܶ௔௥௡: the transmittance of a single yarn 
ሺ߮ሻ: the value of ͳ ߮Τ , by integrating ݀ݔ from െܽ௫ toܽ௫ 
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ߛ: yarn twist angle 
ܶΨ௧௢௧௔௟: the total transmittance of these loops in this fabric width 
௔ܲ: the number of the loops at 5 cm of fabric width 
ܭ: area modulus of stitch 
௔ܸ௜௥Ψ: the percentage of the volume of the air in the fabric volume (or is equivalent to porosity) 
௬ܸ௔௥௡Ψ: the percentage of the volume of the yarns in the fabric volume  
ߪ௬௔௥௡: the yarn bulk density (g/cm3)  
௬ܸ௔௥௡: the volume of the yarns, here ௬ܸ௔௥௡ ൌ ͳ cm3 as the unit volume of the yarns 
ߜ௔௜௥: the specific gravity of the air (g/cm3)  
௔ܸ௜௥: the volume of the air (cm3) 
ߩ௙௔௕௥௜௖: the bulk density of the fabric (g/cm3)  
ܴ௧௢௧௔௟Ψ: total reflectance for the loops in the unit calculation 
ܴ௨௡௜௧௙௔௕௥௜௖௪௜ௗ௧௛Ψ: the reflectance for the loops at the unit fabric width (in the course direction)  
 ܴ௨௡௜௧௙௔௕௥௜௖௔௥௘௔Ψ: the reflectance for the loops in the unit fabric area 
௕ܲ: the number of the loops at 5 cm of fabric column (in the wale direction) 
ܣ௬௔௥௡Ψ: the percentage of the yarn areas in the whole fabric area (here, ܣ௬௔௥௡Ψ ൌ ௬ܸ௔௥௡% , since the yarns 
distribute evenly in the fabric volume) 
ሺͳ െ ͳȀܭሻ: is a coefficient which represents the effect of fabric structure (tightness) on UV protective properties 
(UV reflectance and transmittance) 
Chapter 6 
Experiments and measurements 
ܿΨ: the concentration of ZnO (o.w.f) 
ܩ: weight change (g) 
ݐ݅݉݁: time during which ܩ occurred (h) 
ܣ: test area (cup mouth area) (m2)  
ܹܸܶ: the rate of water vapour transmission (g/h·m2) 
ο݌: vapour pressure difference (Hg) 
ܵ: saturation vapour pressure at test temperature (Hg) 
ܪ௨ଵ: relative humidity at the source expressed as a fraction (on the fabric inside surface in the dish) 
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ܪ௨ଶ: relative humidity at the vapour sink expressed as a fraction (on the fabric outside surface out of the dish) 
ܥ: mean bending length (mm) 
ݏ௖: scale reading 
ܨ௥: flexural rigidity (ȝN·m) 
݉௔: mass per unit area of the cloth (g/m2) 
ݍ: bending modulus (ȝN/m2) 
ݐ௛: the thickness of cloth (mm) 
Optical model 
݊ଵଶ: the refractive index of the mixture 
݉: the ratio of the two media refractive indexes, ݉ ൌ ௡మ௡భ 
݊ଵ, ݊ଶ: refractive indexes of the PP and ZnO, respectively.  
ߜଵଶ: the specific gravity of the mixture, ߜଵଶ ൌ ሺܯଵ ൅ܯଶሻ ሺ ଵܸ ൅ ଶܸሻΤ  
ܯଵǡܯଶare the masses of the PP and ZnO 
ߜଵǡ ߜଶ are the specific gravities of PP and ZnO, respectively 
ଵܸǡ ଶܸ are the volumes of PP and ZnO, respectively. 
ܴΨ: the value of the surface reflectance 
ܫ்: the transmitted light intensity 
ܫ଴: incident light intensity (assuming ܫ଴ ൌ ͳ) 
݈: the thickness of material through which the ray travels 
ߙ (alpha): the absorption coefficient 
 ܽ: the transmittance index 
ܶΨ: the transmittance of a ray for a single pass through the film 
݉: the ratio of the two media refractive indexes, ݉ ൌ ௡మ௡భ 
݊ଵ, ݊ଶ: refractive indexes of the air and blended film, respectively.  
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Appendices 
---Matlab® programs for computing variables 
Chapter 3 
The surface reflectance of a single fibre---ࡾ 
 
format long 
n=1000000; 
m=1.54; 
x1=linspace(0,pi./2,n); 
x1(1)=realmin; 
 
f4=sin(x1)./m; 
f5=asin(f4); 
f6=(x1)-(f5); 
f7=(x1)+(f5); 
f8=sin(f6); 
f9=sin(f7); 
f10=tan(f6); 
f11=tan(f7); 
f12=(f8).^2; 
f13=(f9).^2; 
f14=(f10).^2; 
f15=(f11).^2; 
 
f16=(1/2).*((f12)./(f13)+(f14)./(f15)).*cos(x1); 
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pp=spline(x1,f16); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[0,pi./2]) 
 
The transmittance of a ray for a single pass through the fibre ---ࢋ 
 
format long 
R=10; 
a=0.9; 
m=1.54; 
x1=linspace(-R/1000,0,1000000); 
x1(1)=realmin; 
y1=(-1).*(x1)./(sqrt(R.^2-x1.^2)); 
f3=atan(y1); 
f4=sin(f3)./m; 
f5=asin(f4); 
f6=(f3)-(f5); 
f7=sin(f6); 
f10=(-1).*(f6); 
b=cot(f10); 
f14=4.*(1+(b).^2); 
f16=0.5.*(f14); 
ff=sqrt(R.^2-x1.^2); 
f12=2.*(ff).*(b); 
f11=2.*(x1).*((b).^2); 
f13=((f12)-(f11)).^2; 
f15=((ff)-(b).*(x1)).^2-R.^2; 
f17=sqrt((f13)-(f14).*(f15)); 
x2=((f11)-(f12)+(f17))./(f16); 
y3=(abs((x2)-(x1)))./(f7)./1000; 
y4=2.*a.^(y3)./(2.*R/1000); 
pp=spline(x1,y4); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[-R/1000,0]) 
 
Note: for this calculation, the fibre diameter, transmittance index, and ratio of refractive indexes can be changed 
for the specific fibre type and fibre diameter samples. 
 
The surface reflectance of a single fibre (circular shape)---ࡾ 
 
format long 
n=1000000; 
m=1.54; 
x1=linspace(0,pi./2,n); 
x1(1)=realmin; 
 
 
f4=sin(x1)./m; 
f5=asin(f4); 
f6=(x1)-(f5); 
f7=(x1)+(f5); 
f8=sin(f6); 
f9=sin(f7); 
f10=tan(f6); 
f11=tan(f7); 
f12=(f8).^2; 
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f13=(f9).^2; 
f14=(f10).^2; 
f15=(f11).^2; 
 
f16=(1/2).*((f12)./(f13)+(f14)./(f15)).*cos(x1); 
 
pp=spline(x1,f16); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[0,pi./2]) 
 
The transmittance of a ray for a single pass through the fibre ---ࢋ 
 
The calculation of reflectance for the circular shape is the same with the single fibre model. The calculation of 
transmittance for the circular shape is programed using the expression method (circle expression), and the details 
are as follow: 
 
format long 
R=10; 
a=0.9; 
m=1.54; 
x1=linspace(-R/1000,0,1000000); 
x1(1)=realmin; 
y1=(-1).*(x1)./(sqrt(R.^2-x1.^2)); 
 
f3=atan(y1); 
f4=sin(f3)./m; 
f5=asin(f4); 
f6=(f3)-(f5); 
f7=sin(f6); 
f10=(-1).*(f6); 
 
b=cot(f10); 
f14=4.*(1+(b).^2); 
f16=0.5.*(f14); 
 
ff=sqrt(R.^2-x1.^2); 
f12=2.*(ff).*(b); 
f11=2.*(x1).*((b).^2); 
f13=((f12)-(f11)).^2; 
f15=((ff)-(b).*(x1)).^2-R.^2; 
f17=sqrt((f13)-(f14).*(f15)); 
x2=((f11)-(f12)+(f17))./(f16); 
 
y3=(abs((x2)-(x1)))./(f7)./1000; 
y4=2.*a.^(y3)./(2.*R/1000); 
pp=spline(x1,y4); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[-R/1000,0]) 
 
The surface reflectance of a single fibre (elliptical shape)---ࡾ 
 
The reflectance is different after every internal reflection, transmission and refraction. Here we assumed that ܴଵ ൌ
ܴଷ ൌ ڮ ൌ ܴଶ௝ାଵ, and ܴଶ ൌ ܴସ ൌ ڮ ൌ ܴଶ௝, so we just give the programs of ܴଵܴଶ. 
 
The first time: ࡾ૚
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format long 
n=1000000; 
a=12.06; 
b=3.06; 
m=1.53; 
x1=linspace(-a,a,n); 
x1(1)=realmin; 
y1=(-1).*(x1).*b./(a.*(sqrt(a.^2-x1.^2))); 
 
f3=atan(y1); 
f4=sin(f3)./m; 
f5=asin(f4); 
f6=(f3)-(f5); 
f7=(f3)+(f5); 
f8=sin(f6); 
f9=sin(f7); 
f10=tan(f6); 
f11=tan(f7); 
f12=(f8).^2; 
f13=(f9).^2; 
f14=(f10).^2; 
f15=(f11).^2; 
 
f16=(1/(4*a)).*((f12)./(f13)+(f14)./(f15)); 
 
pp=spline(x1,f16); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[-a,a]) 
 
The second time: ࡾ૛
format long 
n=1000000; 
a=12.06; 
b=3.06; 
m=1.53; 
a1=0.995; 
x2=linspace(-a,a,n); 
x2(1)=realmin; 
x3=realmin; 
y1=b.*(sqrt(a.^2-x3.^2))./a; 
y2=(-1).*b.*(sqrt(a.^2-x2.^2))./a; 
y3=b.*x2./(a.*(sqrt(a.^2-x2.^2))); 
 
k=((y1)-(y2))./(x3-x2); 
 
f1=(k.*(y3)+1)./((y3)-k); 
 
f3=atan(f1); 
f4=sin(f3)./m; 
f5=asin(f4); 
 
f6=(f3)-(f5); 
f7=(f3)+(f5); 
f8=sin(f6); 
f9=sin(f7); 
f10=tan(f6); 
f11=tan(f7); 
f12=(f8).^2; 
f13=(f9).^2; 
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f14=(f10).^2; 
f15=(f11).^2; 
 
f17=sin(f6); 
f18=(-1).*(f6); 
 
ff=sqrt(a.^2-x2.^2); 
d=cot(f18); 
f19=(-2).*(a.^2).*((d).^2).*(x2); 
f20=2.*a.*b.*(ff).*(d); 
f21=((f12)-(f11)).^2; 
f22=4.*((a.^2).*((d).^2)+b.^2); 
f23=(a.*(d).*(x2)+b.*(ff)).^2-(a.^2).*(b.^2); 
f24=sqrt((f21)-(f22).*(f23)); 
f25=0.5.*(f22); 
x3=((f19)-(f20)+(f24))./(f25); 
 
f16=(1/(4*a)).*((f12)./(f13)+(f14)./(f15)); 
pp=spline(x2,f16); 
int_pp=fnint(pp); 
format long 
R=ppval(int_pp,[-a,a]) 
 
y4=(abs((x3)-(x2)))./((f17).*1000); 
y5=(a1).^(y4)./(2.*a); 
pp2=spline(x2,y5); 
int_pp2=fnint(pp2); 
format long 
e=ppval(int_pp2,[-a,a]) 
 
The transmittance of a single fibre (elliptical shape)---ࢋ 
Whole ellipse (for the calculation of bamboo viscose fibre) 
format long 
a1=0.905; 
a=12.26; 
b=2.95; 
m=1.54; 
x1=linspace(-a/1000,a/1000,1000000); 
x1(1)=realmin; 
y1=(-1).*(x1).*b./(a.*(sqrt(a.^2-x1.^2))); 
 
f3=atan(y1); 
f4=sin(f3)./m; 
f5=asin(f4); 
f6=(f3)-(f5); 
f7=sin(f6); 
f10=(-1).*(f6); 
 
ff=sqrt(a.^2-x1.^2); 
d=cot(f10); 
f11=2.*(a.^2).*((d).^2).*(x1); 
f12=2.*a.*b.*(ff).*(d); 
f13=((f12)-(f11)).^2; 
f14=4.*((a.^2).*((d).^2)-b.^2); 
f15=(a.*(d).*(x1)-b.*(ff)).^2-(a.^2).*(b.^2); 
f16=sqrt((f13)-(f14).*(f15)); 
f17=0.5.*(f14); 
x2=((f11)-(f12)+(f16))./(f17); 
 
y3=(abs((x2)-(x1)))./((f7).*1000); 
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y4=(a1).^(y3)./(2.*a/1000); 
pp=spline(x1,y4); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[-a/1000,a/1000]) 
 
A half ellipse (for the calculation of silk fibre) 
Since the cross section of silk fibre is assumed as a half of elliptical shape, the transmittance is programed for a 
half ellipse. 
 
format long 
a1=0.5697; 
a=17.06; 
b=4.41; 
m=1.54; 
x1=linspace(0,a,1000000); 
x1(1)=realmin; 
y1=(-1).*(x1).*b./(a.*(sqrt(a.^2-x1.^2))); 
 
f3=atan(y1); 
f4=sin(f3)./m; 
f5=asin(f4); 
f6=(f3)-(f5); 
f7=sin(f6); 
f10=(-1).*(f6); 
 
ff=sqrt(a.^2-x1.^2); 
d=cot(f10); 
f11=2.*(a.^2).*((d).^2).*(x1); 
f12=2.*a.*b.*(ff).*(d); 
f13=((f12)-(f11)).^2; 
f14=4.*((a.^2).*((d).^2)-b.^2); 
f15=(a.*(d).*(x1)-b.*(ff)).^2-(a.^2).*(b.^2); 
f16=sqrt((f13)-(f14).*(f15)); 
f17=0.5.*(f14); 
x2=((f11)-(f12)+(f16))./(f17); 
 
y3=(abs((x2)-(x1)))./((f7).*1000); 
y4=(a1).^(y3)./a; 
pp=spline(x1,y4); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[0,a]) 
 
The surface reflectance of a single fibre (triangular shape)---ࡾ 
Since ܴଵ ൌ ܴଷ ൌ ڮ ൌ ܴଶ௝ାଵ, and ܴଶ ൌ ܴସ ൌ ڮ ൌ ܴଶ௝, we just give the programs of ܴଵܴଶ. 
 
The first time: ࡾ૚
format long 
n=1000000; 
b=4.31; 
R=8.54; 
m=1.54; 
x3=linspace(-R,R,n); 
x3(1)=realmin; 
x4=realmin; 
y1=(-1).*b.*x3./(2.*R)+b./2; 
y2=b.*x4./(2.*R)-b./2; 
y3=(-1).*b./(2.*R); 
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y4=b./(2.*R); 
 
k=((y2)-(y1))./(x4-x3); 
 
f1=(k.*(y3)+1)./((y3)-k); 
 
f3=atan(f1); 
f4=sin(f3)./m; 
f5=asin(f4); 
 
f6=(f3)-(f5); 
f7=(f3)+(f5); 
f8=sin(f6); 
f9=sin(f7); 
f10=tan(f6); 
f11=tan(f7); 
f12=(f8).^2; 
f13=(f9).^2; 
f14=(f10).^2; 
f15=(f11).^2; 
 
f17=sin(f6); 
f18=(-1).*(f6); 
 
d=cot(f18); 
x4=(d+(y4)).*x3./(d-(y4))-b./(d-(y4)); 
 
f16=(1/(4*R)).*((f12)./(f13)+(f14)./(f15)); 
pp=spline(x3,f16); 
int_pp=fnint(pp); 
format long 
R=ppval(int_pp,[-R,R]) 
 
The second time: ࡾ૛
format long 
n=1000000; 
b=4.31; 
R=8.54; 
m=1.54; 
x2=linspace(-R,R,n); 
x2(1)=realmin; 
x3=realmin; 
y1=(-1).*b.*x3./(2.*R)+b./2; 
y2=b.*x2./(2.*R)-b./2; 
y3=b./(2.*R); 
 
k=((y1)-(y2))./(x3-x2); 
 
f1=(k.*(y3)+1)./((y3)-k); 
 
f3=atan(f1); 
f4=sin(f3)./m; 
f5=asin(f4); 
 
f6=(f3)-(f5); 
f7=(f3)+(f5); 
f8=sin(f6); 
f9=sin(f7); 
f10=tan(f6); 
f11=tan(f7); 
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f12=(f8).^2; 
f13=(f9).^2; 
f14=(f10).^2; 
f15=(f11).^2; 
 
f17=sin(f6); 
f18=(-1).*(f6); 
 
d=cot(f18); 
 
x3=(d-(y3)).*x2./(d+(y3))+b./(d+(y3)); 
 
f16=(1/(4*R)).*((f12)./(f13)+(f14)./(f15)); 
pp=spline(x2,f16); 
int_pp=fnint(pp); 
format long 
R=ppval(int_pp,[-R,R]) 
 
y4=(abs((x3)-(x2)))./((f17).*1000); 
y5=(a1).^(y4)./(2.*a); 
pp2=spline(x2,y5); 
int_pp2=fnint(pp2); 
format long 
e=ppval(int_pp2,[-a,a]) 
 
The transmittance of a single fibre (triangular shape)---ࢋ 
format long 
r=10; 
b=pi.*r; 
 
a=0.9; 
m=1.54; 
x1=linspace(-r/1000,r/1000,1000000); 
x1(1)=realmin; 
f1=-1.*b./r; 
y1=b-b./r.*x1; 
f3=atan(f1); 
f4=sin(f3)./m; 
f5=asin(f4); 
f6=(f3)-(f5); 
f7=sin(f6); 
 
d=cot(f6); 
x2=(b./r+d)./d.*x1-b./d; 
 
y3=sqrt((x2-x1).^2+y1.^2); 
y4=a.^(y3./1000)./(2.*r/1000); 
pp=spline(x1,y4); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[-r/1000,r/1000]) 
 
For predicting the triangle with different positions, the surface reflectance and 
transmittance for a triangle (straight up)---ࡾ and ࢋ 
 
Stage1---the incident light passing from air into the fibre (triangle)
Reflectance (ࡾ૚)
format long 
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n=1000000; 
r=10/1000; 
b=pi.*r; 
m=1.54; 
 
f3=atan(b./r) 
f4=sin(f3)./m; 
f5=asin(f4) 
f6=(f3)-(f5); 
f7=(f3)+(f5); 
f8=sin(f6); 
f9=sin(f7); 
f10=tan(f6); 
f11=tan(f7); 
f12=(f8).^2; 
f13=(f9).^2; 
f14=(f10).^2; 
f15=(f11).^2; 
 
f16=(1/2).*((f12)./(f13)+(f14)./(f15)) 
Transmittance (ࢋ૚)
format long 
n=1000000; 
r=10/1000; 
b=pi.*r; 
m=1.54; 
a=0.9; 
 
x1=linspace(-r,r,1000000); 
x1(1)=realmin; 
 
f3=atan(b./r); 
f4=sin(f3)./m; 
f5=asin(f4); 
f6=(f3)-(f5); 
y1=b-b./r.*x1; 
y2=0; 
k1=cot(f6) 
x2=1./k1.*((y2)-(y1)+k1.*(x1)); 
 
 
g3=sqrt((x2-x1).^2+(y2-y1).^2); 
g4=a.^(g3)./(2.*r); 
pp=spline(x1,g4); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[-r,r]) 
 
Stage2---the light transmitting inside the fibre (triangle) 
Reflectance (ࡾ૛)
format long 
n=1000000; 
r=10/1000; 
b=pi.*r; 
m=1.54; 
a=0.9; 
 
f3=atan(b./r); 
f4=sin(f3)./m; 
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f5=asin(f4); 
f6=(f3)-(f5) 
 
f7=sin(f6).*m; 
f8=asin(f7) 
 
f9=(f6)-(f8); 
f10=(f6)+(f8); 
f11=sin(f9); 
f12=sin(f10); 
f13=tan(f9); 
f14=tan(f10); 
f15=(f11).^2; 
f16=(f12).^2; 
f17=(f13).^2; 
f18=(f14).^2; 
 
f19=(1/2).*((f15)./(f16)+(f17)./(f18)) 
 
Transmittance (ࢋ૛)
format long 
n=1000000; 
r=10/1000; 
b=pi.*r; 
m=1.54; 
a=0.9; 
 
x1=linspace(-r,r,1000000); 
x1(1)=realmin; 
x3(1)=realmin; 
 
f3=atan(b./r); 
f4=sin(f3)./m; 
f5=asin(f4); 
f6=(f3)-(f5); 
f7=(f5)-(f3); 
 
y1=b-b./r.*x1; 
y2=0; 
y3=b+b./r.*x3; 
k1=cot(f6) 
k2=cot(f7) 
 
x2=1./k1.*((y2)-(y1)+k1.*(x1)); 
x3=1./k2.*((y3)-(y2)+k2.*(x2)); 
 
g3=sqrt((x3-x2).^2+(y3-y2).^2); 
g4=a.^(g3)./(2.*r); 
pp=spline(x1,g4); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[-r,r]) 
 
Stage3---the light exiting the fibre (triangle)
Reflectance (ࡾ૜)
format long 
n=1000000; 
r=10/1000; 
b=pi.*r; 
m=1.54; 
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a=0.9; 
 
f3=atan(b./r); 
f4=sin(f3)./m; 
f5=asin(f4); 
 
f6=f5 
f7=sin(f6).*m; 
f8=asin(f7) 
 
f9=(f6)-(f8); 
f10=(f6)+(f8); 
f11=sin(f9); 
f12=sin(f10); 
f13=tan(f9); 
f14=tan(f10); 
f15=(f11).^2; 
f16=(f12).^2; 
f17=(f13).^2; 
f18=(f14).^2; 
 
f19=(1/2).*((f15)./(f16)+(f17)./(f18)) 
 
Transmittance (ࢋ૜)
format long 
n=1000000; 
r=10/1000; 
b=pi.*r; 
m=1.54; 
a=0.9; 
 
x1=linspace(-r,r,1000000); 
x1(1)=realmin; 
x2(1)=realmin; 
x3(1)=realmin; 
x4(1)=realmin; 
 
f3=atan(b./r); 
f4=sin(f3)./m; 
f5=asin(f4); 
f6=(f3)-(f5); 
f7=(f5)-(f3); 
 
y1=b-b./r.*x1; 
y2=0; 
y3=b+b./r.*x3; 
y4=b-b./r.*x4; 
 
k1=cot(f6) 
k2=cot(f7) 
k3=(tan(f5)-r./b)./(1+r./b.*tan(f5)) 
 
x2=1./(k1).*((y2)-(y1)+(k1).*(x1)); 
x3=1./(k2).*((y3)-(y2)+(k2).*(x2)); 
x4=1./(k3).*((y4)-(y3)+(k3).*(x3)); 
 
g3=sqrt((x4-x3).^2+(y4-y3).^2); 
g4=a.^(g3)./(2.*r); 
pp=spline(x1,g4); 
int_pp=fnint(pp); 
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format long 
Sw=ppval(int_pp,[-r,r]) 
 
For predicting the triangle with different positions, the surface reflectance and 
transmittance for a triangle (horizontal)---ࡾ and ࢋ 
 
Stage1---the incident light passing from air into the fibre (triangle)
Reflectance (ࡾ૚)
format long 
n=1000000; 
r=10/1000; 
b=pi./2.*r; 
m=1.54; 
 
f3=atan(b./(2.*r)) 
f4=sin(f3)./m; 
f5=asin(f4) 
f6=(f3)-(f5); 
f7=(f3)+(f5); 
f8=sin(f6); 
f9=sin(f7); 
f10=tan(f6); 
f11=tan(f7); 
f12=(f8).^2; 
f13=(f9).^2; 
f14=(f10).^2; 
f15=(f11).^2; 
 
f16=(1/2).*((f12)./(f13)+(f14)./(f15)) 
 
Transmittance (ࢋ૚)
format long 
n=1000000; 
r=10/1000; 
b=pi./2.*r; 
m=1.54; 
a=0.9; 
 
x1=linspace(-r,r,1000000); 
x1(1)=realmin; 
 
f3=atan(b./(2.*r)) 
f4=sin(f3)./m; 
f5=asin(f4) 
f6=(f3)-(f5); 
y1=pi./4.*r-pi./4.*x1; 
y2=-pi./4.*r+pi./4.*x2; 
k1=cot(f6) 
x2=1./k1.*((y2)-(y1)+k1.*(x1)); 
 
 
g3=sqrt((x2-x1).^2+(y2-y1).^2); 
g4=a.^(g3)./(2.*r); 
pp=spline(x1,g4); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[-r,r]) 
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Stage2---the light transmitting inside the fibre (triangle) 
Reflectance (ࡾ૛)
format long 
n=1000000; 
r=10/1000; 
b=pi./2.*r; 
m=1.54; 
a=0.9; 
 
f3=atan(b./(2.*r)) 
f4=sin(f3)./m; 
f5=asin(f4) 
f6=2.*(f3)-(f5) 
 
f7=sin(f6).*m 
f8=asin(f7); 
 
f9=(f6)-(f8); 
f10=(f6)+(f8); 
f11=sin(f9); 
f12=sin(f10); 
f13=tan(f9); 
f14=tan(f10); 
f15=(f11).^2; 
f16=(f12).^2; 
f17=(f13).^2; 
f18=(f14).^2; 
 
f19=(1/2).*((f15)./(f16)+(f17)./(f18)) 
 
since f7=sin(f6).*m>1 
so no results 
so p is not equal to f19 
should be: 
p=e1.*(1-p1) 
 
Transmittance (ࢋ૛)
format long 
n=1000000; 
r=10/1000; 
b=pi./2.*r; 
m=1.54; 
a=0.9; 
 
x1=linspace(-r,r,1000000); 
x1(1)=realmin; 
x3(1)=realmin; 
 
f3=atan(b./(2.*r)); 
f4=sin(f3)./m; 
f5=asin(f4); 
f6=(f3)-(f5); 
f7=(f5)-2.*(f3) 
 
y1=pi./4.*r-pi./4.*x1; 
y2=-pi./4.*r+pi./4.*x2; 
x3=-r; 
k1=cot(f6) 
k2=(pi./4+cot(f7))./(1-pi./4.*cot(f7)) 
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x2=1./k1.*((y2)-(y1)+k1.*(x1)); 
y3=k2.*(x3-x2)+y2; 
 
g3=sqrt((x3-x2).^2+(y3-y2).^2); 
g4=a.^(g3)./(2.*r); 
pp=spline(x1,g4); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[-r,r]) 
 
Stage3---the light exiting the fibre (triangle)
Reflectance (ࡾ૜)
format long 
n=1000000; 
r=10/1000; 
b=pi./2.*r; 
m=1.54; 
a=0.9; 
 
f3=atan(b./(2.*r)); 
f4=sin(f3)./m; 
f5=asin(f4); 
 
f7=(f5)-2.*(f3); 
 
k2=(pi./4+cot(f7))./(1-pi./4.*cot(f7)) 
 
f6=atan(k2) 
f7=sin(f6).*m; 
f8=asin(f7) 
 
f9=(f6)-(f8); 
f10=(f6)+(f8); 
f11=sin(f9); 
f12=sin(f10); 
f13=tan(f9); 
f14=tan(f10); 
f15=(f11).^2; 
f16=(f12).^2; 
f17=(f13).^2; 
f18=(f14).^2; 
 
f19=(1/2).*((f15)./(f16)+(f17)./(f18)) 
 
Transmittance (ࢋ૜)
format long 
n=1000000; 
r=10/1000; 
b=pi./2.*r; 
m=1.54; 
a=0.9; 
 
x1=linspace(-r,r,1000000); 
x1(1)=realmin; 
 
f3=atan(b./(2.*r)); 
f4=sin(f3)./m; 
f5=asin(f4); 
f6=(f3)-(f5); 
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f7=(f5)-2.*(f3) 
 
y1=pi./4.*r-pi./4.*x1; 
y2=-pi./4.*r+pi./4.*x2; 
y3=k2.*(x3-x2)+y2; 
y4=pi./4.*r-pi./4.*x4; 
 
k1=cot(f6) 
k2=(pi./4+cot(f7))./(1-pi./4.*cot(f7)) 
k3=(-1).*k2 
 
x2=1./k1.*((y2)-(y1)+k1.*(x1)); 
x3=-r; 
x4=1./k3.*((y4)-(y3)+k3.*(x3)); 
 
g3=sqrt((x4-x3).^2+(y4-y3).^2); 
g4=a.^(g3)./(2.*r); 
pp=spline(x1,g4); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[-r,r]) 
 
For predicting the triangle with different positions, the surface reflectance and 
transmittance for a triangle (inverted)--- ࡾ and ࢋ 
 
Stage1---the incident light passing from air into the fibre (triangle)
Reflectance (ࡾ૚)
format long 
n=1000000; 
r=10/1000; 
b=pi.*r; 
m=1.54; 
R=((m-1)./(m+1)).^2 
 
Transmittance (ࢋ૚)
format long 
n=1000000; 
r=10/1000; 
b=pi.*r; 
m=1.54; 
a=0.9; 
 
x1=linspace(0,b,1000000); 
x1(1)=realmin; 
 
g4=a.^(x1)./(2.*r); 
pp=spline(x1,g4); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[0,b]) 
 
Stage2---the light transmitting inside the fibre (triangle) 
Reflectance (ࡾ૛)
format long 
n=1000000; 
r=10/1000; 
b=pi.*r; 
m=1.54; 
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a=0.9; 
 
f6=atan(b./r) 
f7=sin(f6).*m 
f8=asin(f7) 
 
f9=(f6)-(f8); 
f10=(f6)+(f8); 
f11=sin(f9); 
f12=sin(f10); 
f13=tan(f9); 
f14=tan(f10); 
f15=(f11).^2; 
f16=(f12).^2; 
f17=(f13).^2; 
f18=(f14).^2; 
 
f19=(1/2).*((f15)./(f16)+(f17)./(f18)) 
 
since f7=sin(f6).*m>1 
so no results 
so p is not equal to f19 
should be: 
p=e1.*(1-p1) 
 
Transmittance (ࢋ૛)
format long 
n=1000000; 
r=10/1000; 
b=pi.*r; 
m=1.54; 
a=0.9; 
 
x1=linspace(-r,r,1000000); 
x1(1)=realmin; 
x2(1)=realmin; 
x3(1)=realmin; 
 
f6=atan(b./r) 
k2=(-1).*cot(2.*(f6)) 
 
y1=pi.*r; 
y2=pi.*x2; 
y3=(-1).*pi.*x3; 
x2=x1; 
x3=1./k2.*((y3)-(y2)+k2.*(x2)); 
 
 
g3=sqrt((x3-x2).^2+(y3-y2).^2); 
g4=a.^(g3)./(2.*r); 
pp=spline(x1,g4); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[-r,r]) 
 
Stage3---the light exiting the fibre (triangle)
Reflectance (ࡾ૜)
format long 
n=1000000; 
r=10/1000; 
 257 
b=pi.*r; 
m=1.54; 
a=0.9; 
 
x1=linspace(-r,r,1000000); 
x1(1)=realmin; 
x2(1)=realmin; 
x3(1)=realmin; 
 
f3=atan(b./r) 
k2=(-1).*cot(2.*(f3)) 
 
f1=k2-1./pi; 
f2=1+k2./pi; 
 
f6=atan((f1)./(f2)) 
f7=sin(f6).*m; 
f8=asin(f7) 
 
f9=(f6)-(f8); 
f10=(f6)+(f8); 
f11=sin(f9); 
f12=sin(f10); 
f13=tan(f9); 
f14=tan(f10); 
f15=(f11).^2; 
f16=(f12).^2; 
f17=(f13).^2; 
f18=(f14).^2; 
 
f19=(1/2).*((f15)./(f16)+(f17)./(f18)) 
 
Transmittance (ࢋ૜)
format long 
n=1000000; 
r=10/1000; 
b=pi.*r; 
m=1.54; 
a=0.9; 
 
x1=linspace(-r,r,1000000); 
x1(1)=realmin; 
x2(1)=realmin; 
x3(1)=realmin; 
x4(1)=realmin; 
 
f3=atan(b./r) 
k2=(-1).*cot(2.*(f3)) 
 
f1=k2-1./pi; 
f2=1+k2./pi; 
f6=atan((f1)./(f2)) 
f7=sin(f6).*m; 
f8=asin(f7); 
 
k3=(1./pi+tan(f6))./(tan(f6)./pi+1) 
 
y1=pi.*r; 
y2=pi.*x2; 
y3=(-1).*pi.*x3; 
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y4=pi.*x4; 
x2=x1; 
x3=1./k2.*((y3)-(y2)+k2.*(x2)); 
x4=1./k3.*((y4)-(y3)+k3.*(x3)); 
 
g3=sqrt((x4-x3).^2+(y4-y3).^2); 
g4=a.^(g3)./(2.*r); 
pp=spline(x1,g4); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[-r,r]) 
 
For predicting the squareness, the surface reflectance and transmittance for a 
squareness--- ࡾ and ࢋ 
 
Stage1---the incident light passing from air into the fibre (squareness)  
Reflectance (ࡾ૚)
 
format long 
m=1.54; 
R=((m-1)./(m+1)).^2 
 
Stage2---the light exiting the fibre (squareness) 
Reflectance (ࡾ૛)
format long 
m=1.54; 
 
Rn=((m-1)./(m+1)).^2 
 
After calculation, it was found that ܴଶ ൌ ܴଵ ൌ ܴଷ ൌ ڮ ൌ ܴ௡ 
 
Transmittance (ࢋ૚)
format long 
r=10; 
H=pi./2.*r; 
a=0.9; 
m=1.54; 
 
e=a.^(H./1000) 
 
Chapter 4 
The surface reflectance of a single fibre---࣋ 
 
format long 
n=1000000; 
m=1.54; 
x1=linspace(0,pi./2,n); 
x1(1)=realmin; 
f4=sin(x1)./m; 
f5=asin(f4); 
f6=(x1)-(f5); 
f7=(x1)+(f5); 
f8=sin(f6); 
f9=sin(f7); 
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f10=tan(f6); 
f11=tan(f7); 
f12=(f8).^2; 
f13=(f9).^2; 
f14=(f10).^2; 
f15=(f11).^2; 
f16=(1/2).*((f12)./(f13)+(f14)./(f15)).*cos(x1); 
pp=spline(x1,f16); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[0,pi./2]) 
 
The transmittance of a ray for a single pass through the fibre ---ࢋ 
 
format long 
R=10; 
a=0.9; 
m=1.54; 
x1=linspace(-R/1000,0,1000000); 
x1(1)=realmin; 
y1=(-1).*(x1)./(sqrt(R.^2-x1.^2)); 
f3=atan(y1); 
f4=sin(f3)./m; 
f5=asin(f4); 
f6=(f3)-(f5); 
f7=sin(f6); 
f10=(-1).*(f6); 
b=cot(f10); 
f14=4.*(1+(b).^2); 
f16=0.5.*(f14); 
ff=sqrt(R.^2-x1.^2); 
f12=2.*(ff).*(b); 
f11=2.*(x1).*((b).^2); 
f13=((f12)-(f11)).^2; 
f15=((ff)-(b).*(x1)).^2-R.^2; 
f17=sqrt((f13)-(f14).*(f15)); 
x2=((f11)-(f12)+(f17))./(f16); 
y3=(abs((x2)-(x1)))./(f7)./1000; 
y4=2.*a.^(y3)./(2.*R/1000); 
pp=spline(x1,y4); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[-R/1000,0]) 
 
Getting the range of incidence angle for the reflection situation (Figure 4- 6(a)), 
in which the reflectance from one yarn can cause the interaction to its adjacent 
yarns 
 
For reflection situation, when ૙ ൑ ࣂ ൑ ࣊૝
syms x clear 
y1=sin(x); 
y2=2.*cos(2.*x); 
y3=y1+y2; 
Eq=y3-1; 
S=solve(Eq,x) 
 
result 
s1=asin(17^(1/2)/8 + 1/8) 
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s2=asin(1/8 - 17^(1/2)/8) 
s3=pi - asin(17^(1/2)/8 + 1/8) 
s4=pi - asin(1/8 - 17^(1/2)/8) 
------ 
After calculation, we got  
൝ ૙ ൏ ࣂ ൑
࣊
૝
૙ ൑ ࣂ ൑ ૙Ǥ ૠૡ૞૜ૢૡ
֜ ૙ ൏ ࣂ ൑ ૙Ǥ ૟ૢ૞૙૙૝ 
 
For reflection situation, when ࣊૝ ൑ ࣂ ൑
࣊
૛
 
syms x clear 
 
y1=sin(x); 
y2=2.*cos(2.*x); 
y3=-y2-y1; 
Eq=y3-1; 
S=solve(Eq,x) 
 
 
result 
s1=pi/2 
s2=pi + asin(3/4) 
s3=-asin(3/4) 
------ 
After calculation, we got  ࣊
૝ ൑ ࣂ ൑
࣊
૛ ֜ ૙Ǥ ૠૡ૞૜ૢૡ ൑ ࣂ ൑ ૚Ǥ ૞ૠ૙ૠૢ૟ 
 
Getting the range of incidence angle for the refraction situation (Figure 4- 6(b)), 
in which the refraction from one yarn can cause the interaction to its adjacent 
yarns 
 
For refraction situation, when ࣊૟ ൑ ࣐ ൑
࣊
૛
 
syms x clear 
 
y1=sin(x)./1.54; 
y2=asin(y1); 
y3=2.*(x)-6.*(y2); 
y4=2.*cos(y3); 
y5= sin(x)-y4; 
Eq=y5-1; 
S=solve(Eq,x) 
------ 
After calculation, we got  
ቄ ࣂ ൑ ૛Ǥ ૡ૚૝૛૙Ǥ ૡૠૡૡ૝૚૚૞ ൑ ࣂ ൑ ૚Ǥ ૞ૠ૙ૡ ֜ ૙Ǥ ૡૠૡૡ૝૚૚૞ ൑ ࣂ ൑ ૚Ǥ ૞ૠ૙ૡ 
 
For refraction situation, when ૙ ൑ ࣐ ൑ ࣊૟
 
syms x clear 
 
y1=sin(x)./1.54; 
y2=asin(y1); 
y3=2.*(x)-6.*(y2); 
y4=2.*cos(y3); 
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y5=y4-sin(x); 
Eq=y5-1; 
S=solve(Eq,x) 
------ 
After calculation, we got  
ቄ૙ ൑ ࣂ ൑ ૙Ǥ ૡૠૡૡ૝૚૚૞ࣂ ൑ ૙Ǥ ૝૛ૢ૝ૢ ֜ ૙ ൑ ࣂ ൑ ૙Ǥ ૝૛ૢ૝ૢ૞ 
 
The reflectance of a single yarn at the range of incidence angle of ૙ ൑ ࣂ ൑
૙Ǥ ૝૛ૢ૝૞ૢ 
 
format long 
n=1000000; 
m=1.54; 
x1=linspace(0,0.429495,n); 
x1(1)=realmin; 
f4=sin(x1)./m; 
f5=asin(f4); 
f6=(x1)-(f5); 
f7=(x1)+(f5); 
f8=sin(f6); 
f9=sin(f7); 
f10=tan(f6); 
f11=tan(f7); 
f12=(f8).^2; 
f13=(f9).^2; 
f14=(f10).^2; 
f15=(f11).^2; 
f16=(1/4).*((f12)./(f13)+(f14)./(f15)).*cos(x1); 
pp=spline(x1,f16); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[0,0.429495]) 
 
The transmittance of a single yarn at the range of incidence angle of ૙ ൑ ࣂ ൑
૙Ǥ ૝૛ૢ૝૞ૢ 
 
format long 
n=1000000; 
m=1.54; 
a=0.8; 
D=0.205999; 
xx=linspace(pi./4,pi./2,n); 
xx(1)=realmin; 
f1=sin(xx)./(m); 
f2=asin(f1); 
f3=cos(f2); 
f4=a.^(D.*(f3)); 
f5=(f4).*cos(xx)/2; 
S=trapz(xx,f5) 
 
The reflectance of a single yarn at the range of incidence angle of ૙Ǥ ૠૡ૞૜ૢૡ ൑
ࣂ ൑ ૚Ǥ ૞ૠ૙ૡ 
 
format long 
n=1000000; 
m=1.54; 
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x1=linspace(pi./4,pi./2,n); 
x1(1)=realmin; 
f4=sin(x1)./m; 
f5=asin(f4); 
f6=(x1)-(f5); 
f7=(x1)+(f5); 
f8=sin(f6); 
f9=sin(f7); 
f10=tan(f6); 
f11=tan(f7); 
f12=(f8).^2; 
f13=(f9).^2; 
f14=(f10).^2; 
f15=(f11).^2; 
f16=(1/4).*((f12)./(f13)+(f14)./(f15)).*cos(x1); 
pp=spline(x1,f16); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[pi./4,pi./2]) 
 
The transmittance of a single yarn at the range of incidence angle of 
૙Ǥ ૠૡ૞૜ૢૡ ൑ ࣂ ൑ ૚Ǥ ૞ૠ૙ૡ 
 
format long 
n=1000000; 
m=1.54; 
a=0.8; 
D=0.205999; 
xx=linspace(pi./4,pi./2,n); 
xx(1)=realmin; 
f1=sin(xx)./(m); 
f2=asin(f1); 
f3=cos(f2); 
f4=a.^(D.*(f3)); 
f5=(f4).*cos(xx)/2; 
S=trapz(xx,f5) 
 
Chapter 5 
The value of ૚Ȁ ܋ܗܛ࣐ 
 
format long 
a=0.3978; 
b=0.377; 
m=1.54; 
x=linspace(-a,a,1000000); 
x(1)=realmin; 
y1=(-1).*(x).*b./(a.*(sqrt(a.^2-x.^2))); 
 
f3=atan(y1); 
f4=sin(f3)./m; 
f5=asin(f4); 
 
f6=1./cos(f5); 
 
pp=spline(x1,f6); 
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int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[-a,a]) 
 
The surface reflectance of a loop (cross section is an ellipse) 
 
format long 
n=1000000; 
a=0.3978; 
b=0.377; 
m=1.54; 
x1=linspace(-a,a,n); 
x1(1)=realmin; 
y1=(-1).*(x1).*b./(a.*(sqrt(a.^2-x1.^2))); 
 
f3=atan(y1); 
f4=sin(f3)./m; 
f5=asin(f4); 
f6=(f3)-(f5); 
f7=(f3)+(f5); 
f8=sin(f6); 
f9=sin(f7); 
f10=tan(f6); 
f11=tan(f7); 
f12=(f8).^2; 
f13=(f9).^2; 
f14=(f10).^2; 
f15=(f11).^2; 
 
f16=(1/(4*a)).*((f12)./(f13)+(f14)./(f15)); 
 
pp=spline(x1,f16); 
int_pp=fnint(pp); 
format long 
Sw=ppval(int_pp,[-a,a]) 
 
 

